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METHOD OF PRODUCING LOWER ALCOHOLS FROM GLYCEROL 

RELATED APPLICATIONS 

This application claims benefit of priority to United States provisional 
patent application serial number 60/556,334 filed March 25, 2004 and is a 
continuation-in-part of copending United States Patent Application serial 
number 1 0/420,047 filed April 21 , 2003, which claims benefit of priority to 
United States provisional patent application: serial nos. 60/374,292, filed April 
22, 2003 and No. 60/410,324, filed September 13, 2003 all of which are 
Incorporated by reference herein. 

BACKGROUND 

1 . Field of The Invention 

This invention relates generally to a process for value-added 
processing of fats and oils to yield glycerol and glycerol derivatives. More 
particularly, the process converts glycerol to acetol and/or propylene glycol, 
which is also known as 1, 2 propanediol. The process may yield glycerol- 
based products and glycerol derivatives, such as antifreeze and other 
products. 

2. Description of The Related Art 

Conventional processing of natural glycerol to propanediols uses a 
catalyst, for example, as reported in United States patents 5.616,817, 
4,642,394. 5,214,219 and US 5,276,181. These patents report the successful 
hydrogenation of glycerol to form propanediols. None of the processes shown 
by these patents provide a direct reaction product mixture that is suitable for 
use as antifreeze. None provide process conditions and reactions that 
suitably optimize the resultant reaction product mixture for direct use as 
antifreeze. None address the use of unrefined crude natural glycerol feed 
stock, and none of these processes are based on reactive distillation. 

United States patent 5,616,817 issued to Schuster et al. describes the 
catalytic hydrogenation of glycerol to produce propyelene glycol in high yield, 
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such as a 92% yield, with associated formation of n-propanol and lower 
alcohols. Conversion of glycerol is substantially complete using a mixed 
catalyst of cobalt, copper, manganese, and molybdenum. Hydrogenation 
conditions include a pressure of from 100 to 700 bar and a temperature 
5 ranging from 180°C to 270°C. Preferred process conditions include a 

pressure of from 200 to 325 bar and a temperature of from 200°C to 250°C. 
The lower pressures lead to incomplete reactions and the higher pressures 
increasingly form short chain alcohols. A crude glycerol feed may be used, 
such as is obtainable from the transesterification of fats and oils, but needs to 

10 be refined by short path distillation to remove contaminants, such as sulfuric 
acid that is commonly utilized in the transesterification process. The feed 
should contain glycerol in high purity with not more than 20% water by weight. 

United States patent 4,642,394 issued to Che et al. describes a 
process for catalytic hydrogenation of glycerol using a catalyst that contains 

15 tungsten and a Group VIII metal. Process conditions include a pressure 
ranging from 100 psi to 15,000 psi and a temperature ranging from 75°C to 
250°C. Preferred process conditions include a temperature ranging from 
100°C to 200°C and a pressure ranging from 200 to 10,000 psi. The reaction 
uses basic reaction conditions, such as may be provided by an amine or 

20 amide solvent, a metal hydroxide, a metal carbonate, or a quaternary 

ammonium compound. The concentration of solvent may be from 5 to 100 ml 
solvent per gram of glycerol. Carbon monoxide is used to stabilize and 
activate the catalyst. The working examples show that process yields may be 
altered by using different catalysts, for example, where the yield of 

25 propanediols may be adjusted from 0% to 36% based upon the reported 
weight of glycerol reagent. 

United States patents 5,214,219 issued to Casale, et al. and 5,266,181 
issued to Matsumura, et al. describe the catalytic hydrogenation of glycerol 
using a copper/zinc catalyst. Process conditions include a pressure ranging 

30 from 5 MPa to 20 MPa and a temperature greater than 200°C. Preferred 
process conditions include a pressure ranging from 10 to 15 MPa and a 
temperature ranging from 220°C to 280°C. The concentration of glycerol may 
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range from 20% to 60% by weight in water or alcohol, and this is preferably 
from 30% to 40% by weight. The reaction may be adjusted to produce 
significant amounts of hydrocarbon gas and/or lactic acid, such that gas 
generation is high when lactic acid formation is (ow and lactic acid formation is 
5 high when gas generation is low. This difference is a function of the amount 
of base, i.e., sodium hydroxide, which is added to the solvent. Alcohol 
reaction products may range from 0% to 13% of hydrocarbon products in the 
reaction mixture by molar percentages, and propanediols from 27% to 80%. 
Glycerol conversion efficiency ranges from 6% to 100%. 

10 SUMMARY 

The presently disclosed process advances the art and overcomes the 
problems outlined above by producing value-added products, such as 
antifreeze; from hydrogenation of natural glycerol feed stocks. 

In one aspect, the process yields a glycerol-derived antifreeze 

15 composition that may be mixed with water for use as a radiator fluid for 
vehicles or as a heat exchange fluid in a building. In another aspect, a 
propylene glycol-based antifreeze or deicing composition may also be 
produced by the process disclosed herein, where the propylene-glycol-based 
antifreeze is produced from a natural glycerol feed stock. 

20 In one embodiment, the process is used to convert glycerol to 

propylene glycol with high selectivity. A glycerol-containing feedstock that 
contains 50% or less by weight water is combined with a catalyst that is 
capable of hydrogenating glycerol. The reaction mixture is heated to a 
temperature ranging from 150° to 250°C over a reaction time interval ranging 

25 from 2 to 96 hours at a pressure ranging from 1 and 25 bar. The feedstock 
more preferably contains from 5% to 15% water by weight. The catalyst is 
preferably a heterogeneous catalyst, such as palladium, nickel, rhodium, 
copper, zinc, chromium and combinations thereof. 

Reaction product vapors may be removed or separated from the 

30 reaction mixture during the step of heating. Where the reaction is limited by 
an absence of hydrogen, an acetol and/or lactaldehyde product is formed. 
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These reaction products may be hydrogenated in a further reaction step to 
produce propylene glycol. Alternatively, the reaction to convert glycerol into 
acetol proceeds simultaneously with hydrogenation when sufficient hydrogen 
is present. 

5 Particularly preferred glycerol-containing feedstocks include those that 

are produced from bio-renewable resources, such as vegetable oils and 
especially soy oil. The feedstock may, for example, be provided as the crude 
glycerol byproduct of a Ci to C 4 alkyl alcohol alcoholysis of a glyceride. In 
such cases, the reaction products of the disclosed process may be provided 

10 for direct use as an antifreeze, deicing agent, or anti-icing agent, or the 
reaction products may be blended with other materials for such use. A 
typical product of this nature may contain on a water-free basis from about 
0.5% to about 60% glycerol, and from about 20% to about 85% propylene 
glycol. Other products may contain on a water-free basis from about 10% to 

15 about 35% glycerol, from about 40% to about 75% propylene glycol, and from 
about 0.2% to about 10% Ci to C 4 alkyl alcohol. Depending upon the nature 
of the feedstock, there may also be present from about 1% to 15% by weight 
of a residue by-product from the reaction to convert the glycerol. 

One process for producing antifreeze from a crude glycerol byproduct 

20 of a Ci to C 4 alkyl alcohol alcoholysis of a glyceride commences with a step of 
neutralizing the crude glycerol feedstock to achieve a pH between 5 and 12. 
The Ci to C 4 alcohol and water are separated from the crude glycerol 
feedstock such that the combined concentrations of water and Ci to C 4 
alcohols is less than about 5(wt)%. The separated crude glycerol feed is 

25 contacted with a hydrogenation catalyst and hydrogen at a pressure of 

between about 1 and 200 bar and at a temperature between about 100°C and 
290°C for a period of time sufficient to achieve a conversion of the glycerol of 
between 60 and 90%. The contacting pressure usually ranges from 1 to 20 
bar. 

30 The process for converting glycerol to propylene glycol may be 

interrupted by limiting or eliminating the hydrogen reagent. This results in the 
production of acetol and/or lactaldehyde. These products may be provided as 
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a feedstock for a further catalyzed reaction with hydrogen to complete the 
conversion to propylene glycol. The process of converting acetol or 
lactaldehyde to propylene glycol has high selectivity. An acetol or 
lactaldehyde-containing feedstock with less than 50% by weight water is 
5 combined with a catalyst that is capable of hydrogenating acetol and/or 
lactaldehyde to form a reaction mixture. The reaction mixture is heated to a 
temperature ranging from 50° to 250°C over a reaction time interval ranging 
from 0 to 24 hours at a pressure ranging from 1 and 25 bar. The reaction time 
is preferably greater than 0.5 hours. In some embodiments, the acetol or 

10 lactaldehyde-containing feedstock used in the step of combining may contain 
from 0% to 35% water in acetol by weight. The catalyst used in the step of 
combining may be a heterogeneous catalyst selected from the group 
consisting of palladium, nickel, rhodium, copper, zinc, chromium and 
combinations thereof. The temperature used in the heating step preferably 

15 ranges from 1 50°C to 220°C. The pressure used in the heating step 
preferably ranges from 10 to 20 bar. 

BRIEF DESCRIPTION OF DRAWINGS 
Fig. 1 is a schematic block flow diagram illustrating preferred reactor- 
separator with a reactor, condenser, and condensate tank, and recycle of 
20 unreacted hydrogen. 

Fig. 2 is a schematic of the proposed reaction mechanism for 
conversion of glycerol to propylene glycol via acetol intermediate. 

Fig. 3 is a schematic of the proposed two-step alternative embodiment 
for converting glycerol to acetol and then converting acetol to propylene 
25 glycol. 

Fig. 4 is a schematic of the proposed reaction mechanism for 
conversion of acetol to propylene glycol via lactaldehyde intermediate. 

Fig. 5 is a schematic of the proposed two-step alternative embodiment 
for converting glycerol to acetol and then converting acetol to propylene glycol 
30 where hydrogen is used for the first reactor at a lower pressure and then the 
hydrogen is compressed for use in the second reactor. 
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Fig. 6 is a schematic of the proposed two-step alternative embodiment 
for converting glycerol to acetol and then converting acetol to propylene glycol 
where hydrogen is used for the first reactor at a lower pressure and water is 
removed from the vapor effluents from the first reactor to allow purging of the 
5 water from the system. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

There will now be shown and described by way of non-limiting example 
a process for producing lower alcohols from glycerol feed stock to provide 
glycerol-based and/or propylene glycol-based antifreezes. The lower alcohols 

10 include, for example, as acetol and propylene glycol. Preferred uses of 
reaction product mixtures that are derived from the process include but are 
not limited to deicing fluids, anti-icing fluids, and antifreeze applications. 
These uses of the glycerol-based and/or propylene glycol-based antifreezes 
displace the use of toxic and non-renewable ethylene glycol with non-toxic 

15 and renewable glycerol-derived antifreeze. In this regard, use of propylene 
glycol that is derived from natural glycerol is a renewable alternative to 
petroleum-derived propylene glycol. Other downstream uses for propylene 
glycol include any substitution or replacement of ethylene glycol or glycerol 
with propylene glycol. 

20 Equipment For Reactive-Separation Preparation of Antifreeze From Poly- 
Alcohols Like Glycerol 

One method of preparing antifreeze from glycerol includes reaction at a 
temperature ranging from 150° to 250°C and in some embodiments this 
temperature is more preferably from 180°C to 220°C. The reaction occurs in 

25 a reaction vessel. The pressures in the reaction vessel are preferably from 1 
to 25 atmospheres (or from 1 to 25 bar) and in some embodiments this 
pressure is more-preferably between 5 and 18 atmospheres. The process 
equipment may include, for example, a reactor at these temperature and 
pressure conditions connected to a condenser and condensate tank where 

30 the condenser is preferably at a temperature between about 25°C and 150°C 
and in some embodiments this is more preferably between 25° and 60°C. 
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Fig. 1 provides a block flow diagram of process equipment 100 
including a reactor-separator 102. A polyhydric feed stock 104, for example, 
containing glycerol, is introduced stepwise or continuously into the reactor 
separator 102. Hydrogen 106 is added to hydrogen line 108 to promote 
5 conversion of glycerol 1 04 to propylene glycol within the reactor-separator 
102. The process temperatures are such that a distillation occurs with the 
formation or presence of propylene glycol, short chain alcohols, and water, 
which vaporize and flow through overhead line 1 10 to a condenser 1 12. Most 
of the alcohol, water and propylene glycol vapors condense in the condenser 

10 112 and are collected in the condensate tank 1 14 for discharge through 
discharge line 1 16 as product 118. Unreacted hydrogen and remaining 
vapors from the condenser 1 12 are recycled back to the reactor-separator 
102 through the hydrogen recycle line 108. 

Reaction products 1 18 are removed from the condensate tank 112 

15 through discharge line 116, and the reaction mixture inside reactor-separator 
102 may be purged periodically or at a slow flow rate through purge line 120 
to obtain purge mixture 122. Purging is necessary or desirable when non- 
volatile reaction by-products are formed and when metals or inorganic acids, 
such as residual biodiesel catalysts, are present in the polyhydric feed stock 

20 104. Catalysts and useful components, such as glycerol and propylene 
glycol, are preferably recovered from the purge mixture 122. 

The reaction inside reactor-separator 102 is catalyzed, and may be 
facilitated at periodic intervals or by the continuous introduction of a suitable 
catalyst 124, which may be any catalyst that is suitable for use in converting 

25 glycerol into lower alcohols, such as acetol and/or propylene glycol. The 
catalyst 124 may reside within the reactor-separator as a packed bed, or 
distribution of the catalyst 124 inside reactor-separator 102 may be improved 
by using the hydrogen gas 108 to provide a fluidized bed, or by stirring (not 
shown). Agitated slurry reactors of a liquid phase reaction with a vapor 

30 overhead product are preferred. The catalyst 124 is mixed with the polyhydric 
feedstock 104 that is undergoing reaction in the reactor separator 102 to 
facilitate breaking of carbon-oxygen or carbon-carbon bonds including but not 
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limited to hydrogenation. As used herein, hydrogenolysis and hydrogenation 
are interchangeable terms. By way of example the reaction of glycerol with 
hydrogen to form propylene glycol and water is referred to frequently as 
hydrogenation in this text. Suitable catalysts for this purpose may include, 

5 without limitation, such metals as platinum, palladium, ruthenium, chromium, 
nickel, copper, zinc, rhodium, chromium, ruthenium, and combinations 
thereof. Catalysts may be deposited on a substrate, such as an alumina 
substrate. The best catalysts are non-volatile, and are preferably prevented 
from exiting the reactor separator 102 into the condensate tank 1 14. A filter 

10 1 25 in the overhead discharge line 1 1 0 from the reactor separator 1 02 retains 
solid catalysts in the reactor separator 102. No limitations are placed or 
implied on whether the catalyst is soluble or solid, the oxidative 
state of the catalyst, or the use of solid supports or soluble 
chelates. 

15 Reaction times at preferred conditions may range from 2 hours to 96 

hours, and this is more preferably from 4 to 28 hours. Reaction time may be 
defined as the volume of liquid in the reactor divided by the time-averaged 
flow rate of liquids into the reactor. While the preferred reaction times are 
greater than 2 hours, the average residence time at higher loadings of catalyst 

20 1 24 can be less than an hour and typically longer than 0.5 hours. While 
preferred temperatures are up to 250°C, the reactor-separator may be 
operated at temperatures up to 270°C with satisfactory results. 

The polyhydric feed stock 104 preferably contains glycerol. In a 
broader sense, polyhydric feedstock 104 may contain, for example, from 5% 

25 to substantially 1 00% of a polyol, for example, glycerol, sorbitol, 6-carbon 
sugars, 12-carbon sugars, starches and/or cellulose. 

As illustrated in Fig. 1, the process equipment 100 is preferably 
configured to provide hydrogen 106 as a reagent; however, the use of 
hydrogen is optional. Commercially valuable products may be formed as 

30 intermediates that collect in the condensate tank in the absence of hydrogen. 
Accordingly, use of hydrogen 106 is preferred, but not necessary. For 
example, the intermediates collecting in condensate tank 114 may include 
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acetol (hydroxy-2-propanone), which may be subjected to hydrogenolysis in 
another process, which is shown below in Fig. 3. In addition to reagents, the 
material within reactor separator 102 may contain water, salts, or catalysts 
residue from previous processes. 
5 One type of polyhydric feedstock 1 04 may contain glycerol that is 

prepared by transestefrfication of oils or fatty acids, for example, as described 
in co-pending application serial number 10/420,047 filed April 23, 2003, which 
is incorporated by reference to the same extent as though fully replicated 
herein. In a polyhydric feedstock 104 of this type, water may be present in an 

10 amount ranging from 0% to 70%. More preferably, water is present in an 
amount ranging from 5% to 15%. Water may be added to reduce side- 
reactions, such as the formation of oligomers. 

One advantage of using the process equipment 100 is that volatile 
alcohol products are removed from the reaction mixture as they are formed 

15 inside reactor separator 1 02. The possibility of degrading these products by 
continuing exposure to the reaction conditions is commensurately decreased 
by virtue of this removal. In addition, the volatile reaction products are 
inherently removed from the catalysts to provide relatively clean products. 
This reaction-separation technique is especially advantageous for catalysts 

20 that are soluble with or emulsified in the reaction mixture. 

A preferred class of catalyst 1 24 is the copper chromite catalyst, 
(CuO) x (Cr 2 0 3 )y. This type of catalyst is useful in the process and is generally 
available commercially. In this class of catalyst, the nominal compositions of 
copper expressed as CuO and chromium expressed as Cr 2 03 may vary from 

25 about 30-80 wt% of CuO and 20-60 wt% of Cr 2 0 3 . Catalyst compositions 
containing about 40-60 wt% copper and 40-50 wt% of chromium are 
preferred. 

Preferred catalysts for use as catalyst 124, in addition to the copper 
and chromium previously described, also include barium oxide and 
30 manganese oxide or any of their combinations. Use of barium and 

manganese is known to increase the stability of the catalyst, i.e., the effective 
catalyst life. The nominal compositions for barium expressed as barium oxide 
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can vary 0-20 wt% and that for manganese expressed as manganese oxide 
can vary from 0-10 wt%. The most preferred catalyst compositions comprise 
from 40%-60 wt% of CuO 40-55 wt % of Cr 2 0 3 , 0-10 wt% of barium oxide and 
0-5 wt% manganese oxide. 

Reaction Mechanism 

According to one mechanism proposed by Montassier et al. (1988), 
dehydrogenation of glycerol on copper can form glyceric aldehyde in 
equilibrium with its enblic tautomer. The formation of propylene glycol was 
explained by a nucleophilic reaction of water or adsorbed OH species, a 
dehydroxylation reaction, followed by hydrogenation of the intermediate 
unsaturated aldehyde. This reaction mechanism was observed not to apply in 
our investigation. 

Fig. 2 shows a preferred reaction mechanism 200 for use in the 
reactor-separator 102 of Fig. 1 , and for which process conditions may be 
suitably adjusted as described above. As shown in Fig. 2, hydroxyacetone 
(acetol) 202 is formed, and this is possibly an intermediate of an alternative 
path for forming propylene glycol by a different mechanism. The acetol 202 is 
formed by dehydration 204 of a glycerol molecule 206 that undergoes 
intramolecular rearrangements as shown. In a subsequent hydrogenation 
step 208, the acetol 202 further reacts with hydrogen to form propylene glycol 
210 with one mole of water by-product resulting from the dehydration step 
204. 

Early studies to investigate the effect of water on the hydrogenolysis 
reaction indicated that the reaction takes place even in absence of water with 
a 49.7% yield of propylene glycol. Moreover, and by way of example, the 
reaction is facilitated by use of a copper-chromite catalyst, which may be 
reduced in a stream of hydrogen prior to the reaction. In this case, the 
incidence of surface hydroxyl species taking part in the reaction is eliminated. 
The above observations contradict the mechanism proposed by Montassier et 
al. where water is present in the form of surface hydroxyl species or as a part 
of reactants. 
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EXAMPLE 1 
Confirmation of Reaction Mechanism 

An experiment was performed to validate the reaction mechanism 200. 
Reactions were conducted in two steps, namely, Steps 1 and 2. In step 1 , 

5 relatively pure acetol was isolated from glycerol. Temperature ranged from 
150°C to 250°C and more specifically from 180°C to 220°C. There was an 
absence of hydrogen. Pressure ranged from 1 to 14 psi (6.9 MPa to 96 MPa) 
more specifically from 5 to 10 psi (34 MPa to 69 MPa). A copper-chromite 
catalyst was present. In Step 2, the acetol formed in Step 1 was further 

10 reacted in presence of hydrogen to form propylene glycol at a temperature 
ranging from 150°C to 250°C and more preferably between 180 to 220°C. 
Excess hydrogen was added at a hydrogen over pressure between 1 to 25 
bars using the same catalyst. 

It was observed in the Step 2 of converting acetol to propylene glycol 

15 that lactaldehyde was formed. Propylene glycol is also formed by the 

hydrogenation 208 of lactaldehyde 302, as illustrated in Fig. 3. With respect 
to Fig. 2, lactaldehyde represents an alternative path for forming propylene 
glycol from acetol. Fig. 3 shows this mechanism 300 where the acetol 
undergoes a rearrangement of the oxygen double bond to form lactaldehyde 

20 302, but the dehydrogenation step 208 acting upon the lactaldehyde 302 also 
results in the formation of propylene glycol 210. It was also observed that the 
formation of lactaldehyde intermediate was predominant at lower reaction 
temperatures in the range of from 50°C to 150°C (see Example 8 below). 
This and subsequent reactions were performed in liquid phases with 

25 catalyst and sufficient agitation to create a slurry reaction mixture. 

EXAMPLE 2 
Simultaneous Dehydration and Hydrogenation 
Using Various Catalysts and Reagent Mixtures 

A variety of reaction procedures were performed to show that reaction 
30 efficiency may be optimized at any process conditions, such as reaction time, 
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temperature, pressure and flash condition by the selection or choice of 
catalyst for a given polyhydric feedstock. 

Table 1 reports the results of reacting glycerol in the presence of 
hydrogen and catalyst to form a mixture containing propylene glycol. The 

5 reaction vessel contained 80 grams of refined glycerol, 20 grams of water, 10 
grams of catalyst, and a hydrogen overpressure of 200 psig. The reactor was 
a closed reactor that was topped off with excess hydrogen. The reaction 
occurred for 24 hours at a temperature of 200°C. All catalysts used in this 
Example were purchased on commercial order and used in the condition in 

10 which they arrived. 



Table 1. Summary of catalyst performances based on 80 grams of glycerol 
reported on a 100 grams basis. 





Initial 


Best 


Catalyst 


Catalyst 


Catalyst 




Loading 


Possible 


5% 


Raney- 


Raney- 




(g) 


(g) 


Rutheniu 


Copper 


Nickel (g) 








m on 


(9) 










carbon (g) 






Glycerol 


100 


0 


63.2 


20.6 


53.6 








not 


not 


not 


Water 


25 


43 


measured 


measured 


measured 


Propylene Glycol 


0 


82 


14.9 


27.5 


14.9 


Ethylene Glycol 


0 


0 


16.9 


13.1 


16.5 


Acetol 


0 


0 


0.0 


12.1 


0.0 


Total, excluding 












water 


100 


82 


94.9 


73.2 


85.0 



Table 2 summarizes reaction performance with a higher initial water 
content, namely, 30 grams of refined glycerol and 70 grams of water. The 
15 reactions were conducted at the following initial conditions: 5% wt of catalyst, 
and a hydrogen overpressure of 1400 kPa. The following table presents 
compositions after reacting in a closed reactor (with topping off of hydrogen) 
for 24 hours at a reaction temperature of 200°C. 
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Table 2. Summary of catalyst performances based on 30 grams initial loading of 
glycerol and 70 grams of water. 





Initial 


Best 


Catalyst 5% 


Catalyst Catalyst 




Loading (g) 


Possible 


Ruthenium on 


Raney- Raney-Nickel 






M 


carbon (g) 


Copper (g) (g) 


Glycerol 


30 


0 


20.8 


19.1 3.8 


Propylene Glycol 


0 


24 


9.3 


7.23 3.1 


Ethylene Glycol 


0 


0 


0 


0 0 


Acetol 


0 


0 


1.5 


1.6 1.7 



Table 3 summarizes the performance of a copper chromium catalyst in 
the presence of 20 percent of water. The reactions were conducted at the 
5 following initial conditions: 5% wt of catalyst, and a hydrogen overpressure of 
1400 kPa. The following table presents compositions after reacting in a 
closed reactor (with topping off of hydrogen) for 24 hours at a reaction 
temperature of 200°C. 



Table 3. Summary of copper chromium catalyst performance 
based on 80 grams initial loading of glycerol and 20 grams of 
water. 





Initial 


Best 


Catalyst 




Loading (g) 


Possible 


Copper 






(g) 


Chromium (g) 


Glycerol 


80 


0 


33.1 


Propylene glycol 


0 


66.1 


44.8 


Ethylene Glycol 


0 


0 


0 


Acetol 


0 


0 


3.2 



Table 4 summarizes the impact of initial water content in the reactants 
on formation of propylene glycol from glycerol. The reactions were conducted 
at the following initial conditions: 5% wt of catalyst, and a hydrogen 
overpressure of 1400 kPa. The catalyst was purchased from Sud-Chemie as 
15 a powder catalyst having 30 m 2 /g surface area, 45% CuO, 47% Cr 2 0 3 , 3.5% 
Mn0 2 and 2.7% BaO. The following table presents compositions after 
reacting in a closed reactor (with topping off of hydrogen) for 24 hours at a 
reaction temperature of 200°C. 
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Table 4: Summary of catalyst performances based on 
different initial loadings of glycerol in water. 



Water (wt%) %Conversion %Yield %Selectivity 

80 33.5 21.7 64.8 

40 48 28.5 59.4 

20 54.8 46.6 85.0 

10 58.8 47.2 80.3 

0 69.1 49.7 71.9 



The reaction was performed using a small scale reaction distillation 
system like that shown as process equipment 100 in Fig. 1 to process a 
reaction mixture including 46.5 grams of refined glycerol and 53.5 grams 
5 water. The catalyst was purchased from Sud-Chemie as a powder catalyst 
having 30 m 2 /g surface area, 45% CuO, 47% Cr 2 0 3 , 3.5% Mn0 2 and 2.7% 
BaO. Table 5 summarizes performance with higher initial water content using 
a small reaction distillation system. 



Table 5. Example of reaction distillation. 





Reactor 


Distillate 


Glycerol 


21.6 grams 


2.2 


Propane Diol 


6.4 


9.6 


Ethylene Glycol 


0 


0 


Acetol 


1.4 


1.4 



Use of Glycerol From Fatty Acid Glyceride Refinery 

One preferred source of the polyhydric feedstock 104 is crude natural 
glycerol byproducts or intermediates, for example, as may be obtained from 
processes that make or refine fatty acid glycerides from bio-renewable 

IS resources. These are particularly preferred feedstocks for making an 

antifreeze mixture. When using these feedstocks, the antifreeze mixture is 
prepared as explained above by hydrogenation of glycerol over a catalyst, 
which is preferably a heterogeneous catalyst. The reactor-separator 102 
may, for example, be a packed bed reactor, slurry, stirred or f luidized bed 

20 reactor. When the hydrogenation reaction is performed in a packed-bed 
reactor, the reactor effluent is largely free of catalyst. In the case of a slurry 
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reactor, a heterogeneous catalyst may be filtered from the reactor effluent. 
The reactor-separator 102 may be used for slurry reactions by circulating 
hydrogen from the top vapor phase to the bottom of the reactor to create 
increased agitation and by preferably using a catalyst that has a density 

5 similar to the density of the liquid in the reactor. A fluidized bed may be used 
where the densities differ, where a catalyst bed is fluidized by the incoming 
hydrogen from line 108. Conventional agitation may also promote hydrogen 
contact in the liquid. 

To make antifreeze, the process conditions need only provide 

10 moderate hydrogenation conversions of glycerol, e.g., those ranging from 
60% to 90% conversion. This is because from 0% to 40% of the glycerol in 
the polyhydric feedstock 104 on a water-free basis may remain with propylene 
glycol products in the antifreeze product. For some product applications, the 
final antifreeze product may suitably contain up to 60% glycerol. Furthermore, 

IS when the product 118 contains a low glycerol concentration, e.g., less than 
40% where there is an effective conversion of 60% to 90%, other known 
antifreezes may be mixed with the products 118. Alternatively, the purge 
materials 122 may be mixed with the contents of condensate tank 114, for 
example, after filtering, to form a salable product that may be directly 

20 discharged from the process equipment 1 00. 

One particularly preferred source of polyhydric feedstock 104 for the 
reaction is the natural glycerol byproduct that is produced during the value- 
added processing of naturally occurring renewable fats and oils. For 
example, the glycerol byproduct may be a vegetable oil derivative, such as a 

25 soy oil derivative. This variety of polyhydric feedstock 1 04 may contain water, 
soluble catalysts, and other organic matter that are present in intermediate 
mixtures which are produced in the manufacture of glycerol for sale into the 
glycerol market. One advantage of the present instrumentalities is that little or 
no refining of these intermediates are necessary for their use as polyhydric 

30 feedstock 104 in making commercial antifreeze or deicing mixtures. 

These intermediates and other polyhydric feedstocks 104 may contain 
high amounts of water. The ability to use polyhydric feedstocks 104 that 
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contain high amounts of water advantageously reduces costs for this process 
over other uses for the glycerol. The water content both in the polyhydric 
feedstock 104 prior to the reaction and in the salable reaction product is 
generally between 0 and 50%. 
5 The polyhydric feedstock 104 may contain residual catalyst that was 

added during alcoholysis of these intermediates. The fate of soluble residual 
catalysts, i.e., those that remain from alcoholysis in the polyhydric feedstock 
104 and which are in the purge material 122 depends upon: 
1 . the specific type of soluble residual catalyst, and 

10 2. any interaction between the residual catalyst and another 

catalyst that is added to the crude glycerol to promote 
hydrogenation within reactor-separator 102. 
The residual catalyst content in the glycerol feedstock 104 from the 
processing of bio-renewable fats and oils is commonly between 0% and 4% or 

15 even up to 1 0% by weight on a water-free basis. One way to reduce the 
residual catalyst content is to minimize the amount that is initially used in 
alcoholysis of the fatty acid glyceride. The alcoholysis may, for example, be 
acid-catalyzed. Neutralizing the residual catalyst with an appropriate counter- 
ion to create a salt species that is compatible with the antifreeze specifications 

20 is preferred to removing the residual catalyst. 

Alternatively, neutralization can be performed to precipitate the catalyst 
from the liquid glycerol. Calcium-containing base or salt may be used to 
neutralize the residual catalyst in the polyhydric feedstock 104, and the solid 
salts generated from this neutralization may be separated from the liquid, for 

25 example, by filtration or centrif ugation of effluent from reactor-separator 1 02, 
such as by filtering purge material 122. Acid-base neutralization to form 
soluble or insoluble salts is also an acceptable method of 
facilitating separation. Specifically, neutralizing potassium 
hydroxide with sulfuric acid to form the dibasic salt is a acceptable 

30 procedure. As shown by way of example in Fig. 1 , neutralization of sodium 
or potassium catalyst, which is sometimes introduced into the value-added 
processing method for fats and oils, can be achieved by adding stoichiometric 
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equivalent amounts of a neutralizing agent 126, such as calcium oxide and/or 
sulfuric acid, to form the calcium salt of the catalyst. These salts are largely 
insoluble and may be filtered from the purge material 122. To improve 
separation of the substantially insoluble salt, the water content is preferably 
5 reduced to less than 20% by weight and the filtration is preferably performed 
at temperatures less than 40°C and more preferably below 30°C. The optimal 
filtration temperature depends upon composition where the reduced solubility 
of salts at lower temperatures is weighed against lower viscosities at higher 
temperatures to identify the best filtration conditions. 

10 One general embodiment for processing of crude glycerol to antifreeze 

in the fatty acid glyceride refinery embodiment follows a Ci to C4 alkyl alcohol 
alcoholysis process. The incoming crude glycerol feedstock 104 is 
neutralized by the addition of a neutralizing agent 126 to achieve a pH 
between 5 and 12, which is more preferably a pH between 5 and 9. The C1 to 

15 C 4 alcohol and water are separated by distillation from the crude glycerol, 
such that the combined concentrations of water and C1 to C 4 alcohols within 
reactor-separator 102 are less than 20 wt% by weight and, preferably, less 
than 5% by weight. In a stepwise process where the polyhydric feedstock 104 
is added to the reactor-separator 104 at periodic intervals, selected 

20 components of these alcohols and/or their reaction products may be isolated 
by fractional distillation through overhead line 110 and discharged from 
condensate tank 114. This may be done by flash liberation of such alcohols 
at suitable times to avoid or limit their combining with propanediols, according 
to the principle of fractional distillation. Subsequent hydrogenation of the 

25 flashed glycerol within reactor-separator 1 02 suitably occurs by contacting the 
crude glycerol with a hydrogenation catalyst and hydrogen at a pressure 
ranging from 1 bar to 200 bar and at a temperature ranging from 100° to 
290°C until a conversion of the glycerol between 60% and 90% is achieved. 
More preferably, process conditions entail the contact pressure for 

30 hydrogenation ranging from 1 to 20 bar. 

Separating the C1 to C 4 alcohol and water is preferably achieved by 
selective flash separation at temperatures greater than 60°C and less than 
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300°C. Alternatively, separating the Ci to G 4 alcohol and water may be 
achieved in a process based on thermal diffusion, as is described in related 
application 10/420,047, where for example the reactor-separator 102 is a 
thermal diffusion reactor. Alternatively, water is added prior to hydrogenation 
5 as water promotes hydrogenation in the presence of certain catalysts. 
The amount of organic matter in the polyhydric feedstock is 
substantially dependent upon the fat or oil from which the glycerol was 
obtained. The organic matter (other than glycerol) is typically fatty acid 
derivatives. One method for mitigating residual organic matter is by filtration. 

10 Alternatively, it is possible to decant insoluble organics from the glycerol in a 
gravity separator (not shown) at temperatures between 25 and 150°C As 
necessary, the flash point of the mixture is preferably increased to greater 
than 100°C by flash separation of volatiles from the glycerol-water mixture. 
Specifically, the residual Ci to C 4 alkyl alcohol content in the feedstock is flash 

15 liberated to achieve feedstock concentrations that are preferably less than 1 % 
alkyl alcohol. Depending upon the alkyl alcohol, vacuum may need to be 
applied to reach achieve the 1% alkyl alcohol concentration. 

The following are preferred reaction conditions for conversion for use in 
processing these feedstocks. These are similar but not exactly the same as 

20 preferred +conditions that have been previously described for use in the 
reactor-separator 102. The reaction temperature is 150°C to 250 °C. The 
reaction time is from 4 to 28 hours. Heterogeneous catalysts are used which 
are known to be effective for hydrogenation, such as palladium, nickel, 
ruthenium, copper, copper zinc, copper chromium and others known in the 

25 art. Reaction pressure is from 1 to 20 bar, but higher pressures also work. 
Water in the polyhydric feedstock is preferably from 0% to 50% by weight, and 
more preferably from 5 to 15% water by weight. 

The preferred reaction conditions provide a number of performance 
advantages. Operating at temperatures less than 250°C dramatically reduces 

30 the amount of unintended by-product formation, for example, where lower 
concentrations of water may be used without formation of polymers or 
oligomers. Furthermore, operation at temperatures near 200°C, as compared 
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to near 300°C, provides an increased relative volatility of propylene glycol that 
facilitates an improved separation of propylene glycol from the glycerol 
reaction mixture. The use of lower pressures allows the use of less expensive 
reaction vessels, for example, as compared to high-pressure vessels that 

5 operate above about 28 atmospheres or bar, while also permitting the 

propylene glycol to distill from solution at these temperatures. Even so, some 
embodiments are not limited to use at pressures less than 20 bars, and may 
in fact be practiced at very high hydrogen pressures. The disclosed process 
conditions are viable at lower pressures (less than 20 bar) whereas most 

10 other processes to produce similar products require much higher pressures. 

By these instrumentalities, glycerol may also be hydrogenolysed to 1 , 2 
and 1 , 3 propanediols. The 1 , 3 propanediol may be optionally separated 
from this mixture by methods known in the science and used as a monomer 
while the remaining glycerol and propanediols are preferably used as 

15 antifreeze. 

Composition of Antifreeze Product from Glycerol of Biodiesel Facility 

Biodiesel is one type of product that can be produced from a fatty acid 
glycerin refinery. After a conventional biodiesel methanolysis reaction, the 
methoxylation catalyst is preferably removed by filtration from a slurry reaction 

20 system. Other methods, such as centrifugation or precipitation, may be used 
to remove soluble catalysts from the glycerol by-product of the biodiesel 
methanolysis reaction process. These processes are compatible with either 
batch or continuous operation. Methods known in the art may be used to 
convert the batch process procedures (described herein) to flow process 

25 procedures. Hydrogenation of the glycerol is performed to prepare a glycerol 
byproduct that preferably contains, on a water-free basis, from 0.5% to 60% 
glycerol, and 20% to 85% propylene glycol. , More preferably, the glycerol 
byproduct contains on a water-free basis from 10% to 35% glycerol, and 40% 
to 75% propylene glycol. Also, as the preferred antifreeze of this invention is 

30 prepared from the crude natural glycerol byproduct of the Ci to C 4 alkyl 

alcohol alcoholysis of a glyceride, the more preferable product also contains 
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0.2% to 10% C1 to C4 alkyl alcohol and 0 to 5% salt of the neutralized 

alcoholysis catalyst (more preferably 0.2 to 5% salt). 

The glycerol conversion reactions have been observed to form a 

residue by-product. When this residue is soluble in the antifreeze product, the 
5 preferred application is to add it to the antifreeze product. The antifreeze may 

contain 1% to 15% of this residue by-product. 

While the antifreeze products of this invention are commonly referred 

to as antifreeze, these same mixtures or variations thereof may be used as 

deicing fluids and anti-icing fluids. 
10 When the reaction is run without hydrogen, acetol will form. This 

mixture can then subsequently (or in parallel) react in a packed-bed flow 

reactor in the presence hydrogen to be converted to propylene glycol. This 

process has the advantage that the larger reactor does not contain 

pressurized hydrogen. 
15 The processes and procedures described in this text are generally 

applicable to refined glycerol as well as crude glycerol. 

The catalyst used for most of the process development was a Sud- 

Chemie powder catalyst at 30 m 2 /g surface area, 45% CuO, 47% Cr 2 0 3 , 3.5% 

Mn0 2 and 2.7% BaO. Also used was a Sud-Chemie tablet catalyst at 49% 
20 CuO, 35% Cr 2 0 3 , 10% Si0 2 and 6% BaO. Also used was a Sud-Chemie 

powder catalyst at 54% CuO and 45%. 

EXAMPLE 3 
Processing of Biodiesel Byproduct 

Crude glycerol obtained as a by product of the biodiesel industry was 
25 used instead of refined glycerol. Biodiesel is produced using alcoholysis of 
bio-renewable fats and oils. The composition of feedstock 104 used in this 
example had an approximate composition as follows: glycerol (57%), methyl 
alcohol (23%), and other materials (soaps, residual salts, water) (20%). The 
above feedstock was reacted in the presence of hydrogen and catalyst to 
30 form a mixture containing propylene glycol. The reaction proceeded using 10 
grams of the crude feedstock, 5% by weight of catalyst, and a hydrogen 
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overpressure of 1400 kPa. The following Table 6 presents compositions after 
reacting in a closed reactor (with topping off of hydrogen) for 24 hours at a 
temperature of 200°C. The copper chromium catalyst used in this Example 
was reduced in presence of hydrogen at a temperature of 300°C for 4 hours 
5 prior to the reaction. 



Table 6: Summary of catalyst performances based on 10 grams 
of crude glycerol. \ 




Initial Loading 


Best 


Final Product 




(g) 


Possible (g) 


(9) 


Crude Glycerol 


5.7 


0 


0.8 


Acetol 


0 


0 


0 


Propylene 








glycol 


0 


4.6 


3.1 


Water 


1 


2.1 


2.6 



Reactive-Separation To Prepare Acetol and Other Alcohols 

As an alternative to reacting to form propylene glycol by use of the 

10 process equipment 100 shown in Fig. 1 , Fig. 4 shows a modified version of 
the process equipment that has been previously described. Process 
equipment 400 is useful for forming acetol or other alcohols having boiling 
points less than about 200°C. Dehydration is the preferred reaction method, 
but cracking reactions may be used with feed stocks containing sugars or 

IS polysaccharides having carbon numbers greater than 3. 

In general, the process equipment 400 is used for converting a three- 
carbon or greater sugar or polysaccharide to an alcohol dehydration product 
having a boiling point less than about 200° C. By way of example, a sugar or 
polysaccharide-containing feedstock with less than 50% by weight water is 

20 combined with a catalyst that is capable of dehydrating glycerol to form a 
reaction mixture. The reaction mixture is heated to a temperature ranging 
from 170° to 270°C over a reaction time interval ranging from 0.5 to 24 hours 
at a pressure ranging from 0.2 to 25 bar. 

The preferred reaction conditions for conversion of glycerol to form 

25 acetol include a process temperature ranging from 170°C to 270°C, and this is 
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more preferably from 180°C to 240°C. The preferred reaction time ranges 
from 0.5 to 24 hours. Heterogeneous catalysts that are known to be effective 
for dehydration may be used, such as nickel, copper, zinc, copper chromium, 
activated alumina and others known in the art. The preferred reaction 
5 pressure ranges from 0.2 to 25 bar, and this is more preferably from The 0.5 
to 3 bar. The feedstock may contain from 0% to 50% and more preferably 0 
to 1 5% water by weight. 

By these instrumentalities, glycerol may be dehydrated to acetol. 
Selective formation of acetol is documented for the copper-chromium catalyst 

10 by Examples 5 through 7 below. The same reaction conditions with different 
catalyst are effective for forming other alcohol products where the products 
have fewer alcohol functional groups than do the reagents. Fractional 
isolation of intermediates through reactive-distillation is particularly effective to 
increase yields and the embodiments is inclusive of processes to produce a 

15 range of products including but not limited to 1 ,3 propanediol and acrolein. 

Fig. 4 shows process equipment 400 for the selective conversion of 
glycol to acetol. In Fig. 4, identical numbering is used for the same 
components that have been previously described with respect to Fig. 1 . The 
reactor separator 102 as shown in Fig. 4 functions as a dehydration reactor. 

20 The polyhydric feedstock 1 04 and catalyst 1 24 enter reactor-separator 1 02 for 
a reaction that is limited to the dehydration step 204 of Fig. 2 by the absence 
of hydrogen, and in consequence the hydrogenation step 208 does not occur 
at this time. The dominant reaction product is acetol 202. Volatile fractions 
including acetol vapor exit the reactor-separator 102 through an overhead 

25 intermediate line 402 and liquefy in condenser 1 12. A follow-on reactor 404 
functions as a hydrogenolysis reactor that accepts acetol and other liquids 
from condenser 112, and contacts the acetol with hydrogen to form propylene 
glycol as product 1 1 8. The catalyst 406 may be the same as or different from 
catalyst 126. The condenser 112 preferably operates at a temperature 

30 ranging from 25°C to 1 50°C and this is more-preferably from 25°C to 60°C. It 
will be appreciated that eh condenser 112 may be eliminated or positioned 
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downstream of the follow-on reactor 404 if the follow-on reactor 404 operates 
as a vapor phase reactor. 

When the process equipment 400 is operating in mode of producing 
propylene glycol product 118, a hydrogen recycle loop 412 recycles excess 
5 hydrogen from the follow-on reactor 404. This step preferably recycles 
unused hydrogen from the condenser back to the subsequent step reaction 
mixture. The reaction time of this subsequent step reaction ranges from 0.2 
to 24 hours and more-preferably ranges from 1 to 6 hours. 

The acetol that is delivered through intermediate line 402 to condenser 
10 1 1 2 is optimally diverted through three way valve 408 to provide an acetol 
product 410. 

EXAMPLE 4 

Stepwise Production of Acetol Then Propylene Glycol 

Glycerol was reacted in the presence of copper chromium catalyst in 
15 two steps to form a mixture containing propylene glycol. In Step 1 , relatively 
pure acetol was isolated from glycerol in absence of hydrogen at a reaction 
pressure of 98 kPa (vac). In Step 2, the acetol from Step 1 was further 
reacted in presence of hydrogen to propylene glycol at 1400 kPa hydrogen 
over pressure using similar catalyst that is used for the formation of acetol. 
20 The catalyst used in the step 1 of this Example is used in the condition in 
which they arrived and the catalyst used in the Step 2 was reduced in 
presence of hydrogen at a temperature of 300°C for 4 hours prior to the 
reaction. 

The following tables present composition of the final product in Step 1 
25 and Step 2 
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Table 7. Example reaction conditions for converting glycerol to 
propylene glycol. 



Step 1: Formation and isolation of acetol intermediate from glycerol 
using copper-chromite catalyst. Catalyst - 5% unreduced powder 
Cu/Cr, Reaction time - 1.5 hr at 220°C and 3hr at 240°C, Reaction 





Initial Best 
Loading (g) Possible (g) 


Final Product 

(g) 


Glycerol 


36.8 0 


3.6 


Acetol 


0 29.6 


23.7 


Propylene glycol 


0 0 


1.7 


Wa]ter 


0 7.2 


6.9 


Step 2: Formation of propylene glycol from acetol intermediate from 
Step 1 using same catalyst. Catalyst - 5% reduced powder Cu/Cr, 
Reaction time - 12 hr, Reaction Temperature - 190°C, Reaction 
Pressure- 1400 kPa. 




Initial , Best 
Loading (g) Possible (g) 


Final Product 
(9) 


Glycerol 


0 0 


0 


Acetol 


4.5 0 


0 


Propylene glycol 


0 4.6 


4.3 



10 



EXAMPLE 5 
Batch Versus Semi Batch Processing 

Glycerol was reacted in presence of copper chromium catalyst to form 
acetol by each of two process modes: batch and semi batch. Relatively pure 
acetol was isolated from glycerol in absence of hydrogen at a reaction 
pressure of 98 kPa (vac). In this reaction 92 grams of glycerol would form a 
maximum of 74 grams acetol at the theoretical maximum 100% yield. Either 
process mode produced a residue. When dried, the residue was a dark solid 
coated on the catalyst that was not soluble in water. 

In semi-batch operation, the reactor was provisioned with catalyst and 
glycerol was fed into the reactor at a uniform rate over a period of about 1 .25 
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hours. In batch operation, all of the glycerol and catalyst was loaded into the 
reactor at the start of the reaction. The following results show the semi-batch 
reactive-distillation has higher yields and selectivities than batch. The higher 
catalyst loading provided higher yields and selectivities. It was observed that 
the catalyst activity decreased with reaction time and the amount of residue 
increased with reaction time. 

The copper chromium catalysts used in this Illustrative Example were 
used in the condition in which they arrived. 



Table 8. Comparison of Semi-Batch (Continuous) Reactive-distillation 
and Batch Reactive-distillation. Formation and isolation of acetol 
intermediate from glycerol using copper-chromite catalyst. Catalyst - 

5% unreduced copper chromium powder 

Reaction conditions: 

Reaction Pressure— 98 kPa (vac) 

Reaction temperature — 240°C 

Reaction complete time— 2 hr 

Glycerol feed rate— 33.33 g/hr for Semi-Batch Reactions 
The following three reactions were conducted: 

RXN 8.1 - Semi-Batch reaction at 5% catalyst loading 

RXN 8.2 - Semi-Batch reaction at 2.5% catalyst loading 

RXN 8.3 - Batch reaction 5% catalyst loading 



The following are reaction details of RXN 8.1 : Initial loading of glycerol, 
54.29; Glycerol in Distillate, 4.91; Residue, 3.80; and Amount of glycerol 
reacted, 49.38 all in grams. The glycerol reacted as described in Table 9. 



Table 9, Mass balance details on RXN 8.1 . Catalyst loading was 5%. 



Reacted Glycerol (g) 




Distillate (g) 



Glycerol 



49.38 



0 

39.71 
0 

9.66 



3.64 
35.99 
1.65 
5.79 



Acetol 0 
Propylene glycol 0 
Water 0 
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The following are reaction details of RXN 8.2: Initial loading of glycerol, 
52.8; Glycerol in Distillate, 3.85; Residue, 4.91 ; and Amount of glycerol 
reacted, 48.95 all in grams. The glycerol reacted as described in Table 10. 



Table 10. Mass balance details on RXN 8.2. Catalyst loading was 2.5%. 

Reacted Glycerol (g) ^ st P° ssible Distillate (g) 

Glycerol ~ 48.95 " 0 3.85 "~ 

Acetol 0 39.37 33.51 

Propylene glycol 0 0 1.63 

water 0 9.58 6.24 



The following are reaction details of RXN 8.2: Initial loading of glycerol, 
42.48; Glycerol in Distillate, 3.64; Residue, 5.68; and Amount of glycerol 
reacted, 33.16 all in grams. The glycerol reacted as described in Table 1 1 . 



Table 11, Mass balance details on RXN 8.3. Catalyst loading was 5%. 





Reacted Glycerol (g) 


Best 

(g) 


possible Disti „ ate(g) 


Glycerol 


36.80 


0 


3.64- 


Acetol 


0 


29.60 


23.73 


Propylene glycol 


0 


0 


1.67 


water 


0 


7.2 


6.99 



10 

As reported n the following examples, various studies were performed 
to assess the ability to control the residue problem. 

EXAMPLE 6 



Control of Residue By Water Content of Feedstock 

15 Glycerol was reacted in presence of copper chromium catalyst to form 

acetol at conditions similar to Illustrative Example 4 with 2.5% catalyst loading 
and in a semi-batch reactor method. Water was added to the glycerol to 
evaluate if water would decrease the accumulation of the water-insoluble 
residue. Table 12 summarizes the conversion results. These data illustrate 

20 that a small amount of water reduces the tendency for residue to form. The 
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copper chromium catalyst used in this Illustrative Example was used in the 
condition in which they arrived. 



Table 12. Impact of water on residue formation. 



Catalyst - 2.5% unreduced powder Cu/Cr 
Reaction Pressure — 98 kPa (vac) 
Reaction temperature— 240°C 
Reaction complete time — 2 hr 
Glycerol feed rate—^33.33 g/hr 



6^ 
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CD 
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3 
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"55 



c 
o 

52 

$ 
c 
o 
_Q_ 



CO o 

S s 

■o 0) 
PC O 



0% 



52.8 



3.85 



39.37 



33.51 



4.91 



92.71% 



9.30% 



5% 



53.26 



4.93 



38.87 



35.23 



3.47 



90.74% 



7.02% 



10% 
20% 



56.25 
55.52 



8.55 



9.67 



38.36 



36.87 



34.48 



33.13 



3.45 



2.95 



84.80% 
82.58% 



6.13% 
5.31% 



5 EXAMPLE 7 

Control of Residue By Catalyst Loading 

Glycerol was reacted in presence of copper chromium catalyst to form 
acetol in a semi-batch reactor method. The impact of lowering catalyst 
loadings was evaluated to determine the impact of catalyst loading on acetol 

10 yield and residue formation. Table 13 summarizes the conversion results. 
These data illustrate that the formation of residue may be autocatalytic— it 
increases more than linearly with increasing throughput of glycerol over the 
catalyst. Also, the selectivity decreases with increasing throughput of glycerol 
over a fixed catalyst loading in the reactor. 

15 The copper chromium catalyst used in this Illustrative Example was 

used in the condition in which they arrived. 
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Table 13. Impact of catalyst to glycerol throughput ratio on residue formation. 


Catalyst -U 
Reaction Pre 
Reaction terr 
Glycerol feec 


25g unreduce 
ssure— 98 kP 
iperature— 24 
rate — 33.33 


d powder Cu/Cr 
a (vac) 
0°C 

a/hr i 


Reaction 


Catalyst % 


Total feed of 
Glycerol (g) 


Residue (g) 


Conversion 
(%) 


Acetol 
Selectivity 


Residue : 
Reacted- 
Glycerol Ratio 


1 


5% 


27.15 


1.9 


90.96% 


90.62% 


7.70% 


2 


2.50% 


52.80 


4.91 


92.71% 


85.11% 


10.03% 


3 


1.67% 


77.22 


7.54 


90.44% 


76.94% 


10.76% 


4 


1.25% 


105.68 


11.7 


89.23% 


73.50% 


12.11% 


5 


0.83% 


151.69 


17.18 


86.87% 


59.76% 


13.03% 



EXAMPLE 8 
Regeneration of Catalyst 

5 This example illustrates the stability of the copper chromium catalyst 

for the formation of propyelene glycol from acetol. The following were the 
approximate initial conditions: 4.5 grams of acetol, 2 wt% of catalyst, and a 
hydrogen overpressure of 1400 kPa. The following table presents 
compositions after reacting in a closed reactor (with topping off of hydrogen) 

10 for 4 hours at a reaction temperature of 185°C. The copper chromium 

catalyst was reduced in presence of hydrogen at a temperature of 300°C for 4 
hours prior to the reaction. The catalyst after each run was filtered from the 
reaction products, washed with methanol and then dried in a furnace at 
temperature of 80°C. This regenerated catalyst was reused in the 

IS subsequent reactions. Similar regeneration procedure is repeated 10 times 
and the results are summarized in Table 14. These data illustrate the ability 
to reuse catalyst for the hydrogenation of acetol. 



28 



WO 2005/095536 



PCT/US2005/009901 



The copper chromium catalyst used in this Illustrative Example was 
reduced in presence of hydrogen at a temperature of 300°C for 4 hours prior 
to the reaction. 



Table 14: Summary of catalyst performances based on 4.5 grams of acetol. 




Acetol (g) 


Propylene glycol (g) 


Lactaldehyde (g) 


initial 


4.5 


0 


0 


Hun i 


0.0 


3.62 


0.51 


Run 2 


0.29 


3.85 


0.56 


Run 3 


0.19 


4.19 


0.53 


Run 4 


0.07 


4.41 


0.47 


Run 5 


0.05 


4.42 


0.49 


Run 6 


0.05 


4.39 


0.51 


Run 7 


0 


4.41 


0.36 


Run 8 


0.24 


4.2 


0.42 


Run 9 


0.27 


4.2 


0.43 


Run 10 


0.21 


4.11 


0.4 



5 



EXAMPLE 9 

Ability to Reuse Catalyst of Acetol-Forming Reaction 

This example illustrates that a powder catalysts may be treated or 
reactivated by hydrogen treatment, but also that one powder catalyst that 

10 contains 54% CuO and 45% Cr 2 0 3 has better reuse properties than does 
another powder catalyst at 30 m 2 /g surface area, 45% CuO, 47% Cr 2 0 3 , 3.5% 
Mn0 2 and 2.7% BaO. For the powder catalyst at 54% CuO and 45% Cr 2 0 3 , 
the data of Table 15 demonstrate that residue formation rate is similar to that 
of the powder catalyst at 30 m 2 /g surface area, 45% CuO, 47% Cr 2 0 3 , 3.5% 

15 Mn0 2 and 2.7% BaO (Table 1 4). The data of Table 1 6 demonstrate the 54% 
CuO and 45% Cr 2 0 3 catalyst can be used repeatedly (at laboratory scale, 1- 
3% of the catalyst was not recovered from reaction to reaction). The data of 
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Table 17 demonstrate that reuse is more difficult with the 45% CuO, 47% 
Cr 2 0 3l 3.5% MnQ 2 and 2.7% BaO Catalyst. 



Table 15: Impact of catalyst to glycerol throughput ratio on residue formation. 
The catalyst in this table is a powder catalyst at 54% CuO and 45% Cr 2 0 3 . This 
compares to the catalyst of Table 13 which is a powder catalyst at 30 m 2 /g 
surface area, 45% CuO, 47% Cr 2 0 3 , 3.5% Mn0 2 and 2.7% BaO. Reactions 
were semi-batch. 


Catalyst - 
Cr203. 


1.25g unreduced Cu/Cr, powder catalyst at 54% CuO and 45% 


Pressure — 98 kPa (vac); Temperature— 240°C; Glycerol feed rate— 33.33 g/hr 


Reaction 


Catalyst (%) . 


Total feed of 
Glycerol (g) 


Residue (g) 


Conversion (%) 


Acetol Selectivity 
(%) 


[Residue] : 

[Reacted -Glycerol] 
Ratio 


1 


5% 


26.35 


1.95 


89.82% 


87.05% 


8.36% j 


2 


2.50% 


53.38 


5.41 


91.05% 


82.01% 


11.13% j 


3 


1.25% 


102.98 


12.36 


89.07% 


78.86% 


13.47% 
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Table 16: Impact of reuse on powder catalyst at 54% CuO and 45%. Catalyst is 
loaded at 5% and is unreduced. 


Catalyst - 2.5g unreduced Cu/Cr, powder catalyst at 54% CuO and 45% Cr 2 0 3 . 
Pressure— 98 kPa (vac); Temperature— 240°C; Glycerol feed rate — 33.33 g/hr 




Total feed of 
Glycerol (g) 


Residue 

(g) 


Conversio 
n(%) 


Acetol 

Selectivity 

(%) 


Residue : Initial- 
Glycerol Ratio 


Fresh 


52.77 


3.96 


89.82% 


87.05% 


7.51% 


Reused 1 


52.16 


4.11 


91.28% 


88.52% 


7.88% 


Reused 2 


51.72 


3.89 


91.74% 


88.56% 


7.53% 


Reused 3 


Catalysts still could be recovered 



Table 17: Impact of reuse on powder catalyst at 30 m 2 /g surface area, 45% 
CuO, 47% Cr 2 0 3 , 3.5% Mn0 2 and 2.7% BaO. 


Catalyst - 


2.5g unreduced powder Cu/Cr 






Pressure— 98 kPa (vac); Temperature— 240°C; Glycerol feed rate— 33.33 g/hr 




Total feed 
of Glycerol 

(g) 


Residue 

(g) 


Conversion 
(%) 


Acetol 

Selectivity 

(%) 


Residue : 

Initial-Glycerol 

Ratio 


Fresh 


54.29 


3.80 


90.95% 


90.62% 


7.01% 


Reused 1 


53.13 


3.99 


88.92% 


88.80% 


7.51% 


Reused 2 


Catalyst cou 


d not be recovered— residue was totally solidified 



The two catalysts at initial condition performed about the same for the 
5 acetol forming reaction; however, .the 45% CuO, 47% Cr 2 0 3 , 3.5% Mn0 2 and 
2.7% BaO catalyst at a loading of lesser than 5% formed a different type of 
residue that was more resistant to catalyst recovery. For both catalysts, it 
was generally observed that as reactions proceeded, the reaction rates 
tended to reduce. At the end of the semi-batch reaction a digestion of the 
10 mixture was induced by stopping the feed and allowing the reaction to 
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proceed for about 30 min to an hour— during this digestion the volume of the 
reaction mixture decreased and the residue became more apparent. 

For the 54% CuO and 45% Cr 2 0 3 catalyst, the residue tends to be 
stable. This residue takes a solid form in room temperature and a slurry form 

5 at the reaction temperature during the long period of reaction time. A 
methanol wash readily removed the residue, allowing the catalyst to be 
reused multiple times. The solid was soft and tacky in nature and readily 
dissolved in methanol to form slurry. The catalyst was washed with methanol 
until the wash was clear and then the catalyst was dried in a furnace at 80° C 

10 to remove the methanol. The physical appearance of this catalyst after 
washing was similar to that of the new catalyst. 

In the case of 45% CuO, 47% Cr 2 0 3 , 3.5% Mn0 2 and 2.7% BaO 
catalyst the residue was, however, different. In the case of 5% catalyst 
loading, residue started foaming on the catalyst at 30 min after total glycerin 

15 was fed, i.e., 30 minutes into the reaction. Once foaming started, a methanol 
wash was not effective for removing the residue from the catalyst. If the 
reaction was stopped prior to commencement of foaming, the methanol was 
effective in removing the residue from the catalyst. When catalyst loading 
less than 2.5%, the residue started foaming while the glycerin was still being 

20 fed to the reactor, and the catalyst could not be recovered at end of the 

reaction. The 54% CuO and 45% Cr203 catalyst produced a residue that is a 
solid at room temperature. 

These trends in reuse of catalyst are applicable to conditions for 
conversion of glycerin to acetol as well as the "single-pot" conversion of 

25 glycerin to propylene glycol. 

* * * 

EXAMPLE 10 
Lactaldehyde Mechanism 

Acetol was hydrogenated in presence of copper chromium catalyst to 
30 form a mixture containing propylene glycol. The following were the 

approximate initial conditions: 10 grams of acetol, 2 wt% of catalyst, and a 
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hydrogen overpressure of 1400 kPa. The following table presents 
compositions after reacting in a closed reactor (with topping off of hydrogen) 
for 4 hours at a reaction temperature of 190°C. Table 18 shows the effect of 
reaction temperature on the formation of propylene glycol from acetol. The 

5 data illustrate that good conversions are attainable at 1 90°C. The data 

illustrate that the co-product (likely undesirable) of lactaldehyde is produced at 
lower selectivities at temperatures greater than 150°C. Optimal temperatures 
appear to be 190°C or higher. The copper chromium catalyst used in this 
Illustrative Example was reduced in presence of hydrogen at a temperature of 

10 300°C for 4 hours prior to the reaction. 



Table 18: Summary of catalyst performances based on 9 grams of acetol. 
The pressure is 1400 kPa with a 5% catalyst loading. 



Temperature C 


Acetol (g) 


Propylene 

(g) 


glycol 

Lactaldehyde (g) 


Unreacted 


10 


0 


0 


50 


8.25 


1.86 


0.13 


100 


5.74 


3.93 


0.47 


150 


3.10 


4.31 


2.82 


180 


1.64 


7.90 


0.89 


190 


0.56 


9.17 


0.58 



Table 19 shows the effect of initial water content in the reactants on the 
formation of propylene glycol from acetol. The data illustrate that water can 
15 improve yields to propylene glycol. Selectivity to propylene glycol decreases 
as the reaction goes beyond 10-12 hrs. 
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Table 19: Summary of catalyst performances based on different initial 
loadings of water. The reaction temperature is 190°C, at a pressure of 1400 
kPa, a 5% catalyst loading and a reaction time of 24 hours. The total loading 

of water with acetol is 10 grams. 

Water (%wt) Acetol (g) Propylene glycol (g) Lactaldehyde (g) 

10 0.47 7.65 0 

20 0.22 5.98 0.7 

50 0.22 4.35 s 027 



Table 20 shows the effect of initial catalyst concentration on the 
formation of propylene glycol from acetol. The data illustrate that the highest 
5 yields are attained at the higher catalyst loadings. 



Table 20: Summary of catalyst performances based on 4.5 grams of acetol. The 


reaction temperature is 190°C, at a pressure of 1400 kPa, and no added water. 


Concentration (wt%) Reaction Time < h > 


Acetol (g) 


Propylene glycol (g) 


Lactaldeh 
yde (g) 


Initial 


4.5 


0 


0 


5% 4 


0.29 


4.46 


0.22 


2% 4 


0.14 


4.27 


0.2 


1% 4 


1.32 


3.45 


0.29 


0.5% 4 


1.56 


3.14 


0.32 


1% 6 


0.58 


3.78 


0.25 


0.5% 6 


1.27 


3.29 


0.33 



Reactive-Separation With Gas Stripping 

The use of the reactor-separator 102 is very effective for converting 
10 glycerol to acetol as illustrated by the foregoing Examples. These examples 
illustrate, for example, the effective use of water and catalyst loading to 
reduce formation of residue. Two disadvantages of the reactions were the 
formation of residual and operation at small amounts of vacuum. 

The most preferred approach overcomes the vacuum operation by 
IS using a gas to strip the acetol from solution. Thus, the process equipment 
operates at a more optimal pressure, such as slightly over atmospheric 
pressure, to make advantageous use of fugacity (partial pressures) for the 
selective removal of vapor from the reaction mixture. The stripper gases may 
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be inert gases such as nitrogen to strip out the acetol. Steam may also be 
used to strip out the acetol. The most-preferred stripping gas is hydrogen. 

Use of hydrogen at pressures slightly above atmospheric pressure 
strips the acetol and/or propylene glycol from solution as they are formed. In 
5 addition, the preferred hydrogen stripper gas keeps the catalyst reduced and 
provides reaction paths that prevent residue formation and/or react with the 
residue to form smaller molecules that also strip from solution. The reactions 
that strip the residue may include use of additional catalysts that are known to 
be effective for catalytic cracking, and the use of such stripper gas in 

10 combination with catalytic cracking catalysts is referred to herein as a strip- 
crack process. The hydrogen is preferably either recycled in the reactor or 
compressed with the acetol for a second reaction at higher pressure. 

The preferred reaction process includes a first reactor. In the first 
reactor, the first product and alternative product are removed as vapor 

15 effluents from a liquid reaction where a sufficient hydrogen pressure is 

present to reduce the residue formation by at least 50% as compared to the 
residue formation rate without hydrogen present. The preferred hydrogen 
partial pressures are between 0.2 and 50 bars, more preferably between 0.5 
and 30 bars, and most preferably between 0.8 and 5 bars. 

20 To achieve higher conversions to thei alternative product, the first 

product may be reacted in a second reactor that is operated at higher partial 
pressures of hydrogen. In the second reactor, the partial pressure of 
hydrogen is at least twice the partial pressure of hydrogen in the second 
reactor, more preferably the partial pressure of hydrogen is at least four times 

25 the partial pressure of hydrogen in the first reactor. 

The respective temperatures of the first and second reactors are 
preferably above the normal boiling point of the first product. 

The use of hydrogen has an additional advantage of reducing residue 
that tends to deactivate catalysts which are useful in the disclosed process. 

30 In this sense, the hydrogen may be used as the gas purge or stripper gas, as 
well as a reagent in the first reactor. For example, in the cracking of 
petroleum to gasoline, it is well-known that hydrogen reduces the formation of 
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residue that tends to deactivate of the catalyst; however, the use of hydrogen 
is more expensive than cracking of petroleum in the absence of hydrogen. In 
petroleum industry practice, considerable catalytic cracking is performed in 
the absence of hydrogen with product loss, and specialized equipment is 

5 devoted to regenerating the deactivated catalyst. Those other practices differ 
from the presently disclosed use of hydrogen stripper gas that is sufficient to 
reduce catalyst deactivation, but is sufficiently low in amount and 
amount/pressure to allow the non-hydrogen cat-cracking to dominate, e.g., at 
a pressure less that 50 bars, while the reaction is underway. 

10 Fig. 5 shows one embodiment that implements these concepts. 

Process equipment 500 the process where the hydrogen is compressed to 
proceed to the second reaction. In Fig. 5, like numbering is maintained with 
respect to identical elements as shown in Fig. 4. The reaction process 
proceeds as described with respect to Fig. 4, except low pressure hydrogen 

15 stripper gas 502 is applied to reactor separator 1 02, for example, at a 
pressure slightly above atmospheric pressure. Although some of this gas 
does result in the production of propylene glycol, the stripping of acetol is 
predominant. A mixture of acetol, propylene glycol and water vapor flows 
through overhead line 402 to compressor 504, which pressurizes the vapors 

20 to a suitably higher pressure for use in the follow-on reactor 404. The extant 
hydrogen is optionally supplemented by additional hydrogen 106 to establish 
the preferred reaction conditions discussed above. 

Fig. 6 shows another embodiment, that of process equipment 600. In 
Fig. 6, like numbering is maintained with respect to identical elements as 

25 shown in Fig. 5. In process equipment 600, the effluent through intermediate 
overhead line 402 is applied to a series of condensers 602, 604 that decrease 
in their relative temperatures to condense first the acetol in acetol condenser 
604 and then water in water condenser 604. The condensed acetol is applied 
to line 606, e.g., by pumping at the requisite pressure, for delivery to the 

30 follow-on reactor 404. Water effluent from water condenser 604 is discharged 
as water purge 608. 
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The hydrogen pressures (or partial pressures) for this process in the 
respective reactor vessels may be lower than is required for "good" hydro- 
cracking and/or hydrogenolysis but sufficient to stop catalyst deactivation. 

In addition to reactor configurations, other methods known in the 
5 science for reducing residue (often an oligomer) formation is the use of a 
solvent. The solvent can reduce residue formation or dissolve the residue 
therein extending catalyst life. Solvents are preferably not reactive liquids. 
Supercritical solvents, such as carbon dioxide, have also been demonstrated 
as effective for extending catalyst life when residue formation otherwise coats 
10 the catalyst. 

Applicability to Broader Reaction Mechanisms 

The process that has been shown and described has been proven 
effective for production of acetol and propylene glycol, but is not limited to the 
reaction mechanisms of Figs. 2 and 3. The process and process equipment 
15 is generally applicable to a range of reactions having similar overall 

mechanisms including at least four classes of such reactions in context of the 
discussion below. 

A first class of liquid phase catalytic reaction occurs where a reactant 
(e.g. glycerol) distributes predominantly in a liquid phase and the reactant is 
20 converted to at least a first product (e.g. acetol) that that has a boiling point at 
least 20° C lower in temperature than the reactant. 

A second class of liquid phase catalytic reaction occurs where the 
reactant reacts in a parallel mechanism with hydrogen to form at least one 
alternative product (e.g. propylene glycol) where the alternative product has a 
25 boiling point that is at least 20° C lower in temperature than the reactant. The 
selectivity to formation of the alternative produce(s) from this second reaction 
is greater than 0.5 when in the presence of hydrogen and hydrogen partial 
pressures in excess of 100 bars. 

A third class of reaction proceeds substantially in parallel the first 
30 reaction including the reactant forming a higher molecular weight residue 
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species that directly or indirectly reduces the effectiveness of the catalyst 
promoting the first reaction. 

A fourth class of reaction that occurs when hydrogen is present that 
substantially inhibits the formation of the residue of the third reaction where 

5 the rate of formation of residue is reduced by at least 50% with the hydrogen 
partial pressure in 50 bars. 

The process includes use in appropriate reactor configurations, such 
as the process equipment 100, 400, 500 and/or 600 discussed above. 

Those skilled in the art will appreciate that the foregoing discussion 

10 teaches by way of example, not by limitation. The disclosed instrumentalities 
set forth preferred methods and materials, and may not be narrowly construed 
to impose undue limitations on the invention. The scope of the inventor's 
patentable inventions is defined by the claims, nothing else. Furthermore, the 
inventors hereby state their intention to rely upon the Doctrine of Equivalents 

15 to protect the full scope of their rights in what is claimed. 
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CLAIMS 

We claim: 

1 . A process for converting glycerol to propylene glycol with high 
selectivity, comprising the steps of: 

5 combining a glycerol-containing feedstock that contains 50% or less by 

weight water with a catalyst that is capable of hydrogenating 
glycerol to form a reaction mixture; and 
heating the reaction mixture to a temperature ranging from 150° to 

250°C over a reaction time interval ranging from 2 to 96 hours at 
10 a pressure ranging from 1 and 25 bar. 

2. The process of claim 1 , wherein the glycerol-containing 
feedstock used in the step of combining contains from 5% to 15% water by 
weight. 

3. The process of claim 1 , wherein the catalyst used in the step of 
15 combining is a heterogeneous catalyst selected from the group consisting of 

palladium, nickel, rhodium, copper, zinc, chromium and combinations thereof. 

4. The process of claim 1 , further comprising a step of removing 
reaction product vapors that form during the step of heating. 

5. The process of claim 4, comprising a step of condensing the 
20 vapors to yield a liquid reaction product. 

6. The process of claim 5, wherein the temperature used in the 
heating step ranges from 1 80°C to 220°C. 

7. The process of claim 6, wherein the pressure used in the 
heating step ranges from 5 to 18 atmospheres, 

25 8. The process of claim 5, wherein the step of condensing occurs 

using a condenser operating at a temperature ranging from 25°C to 150°C 
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9. The process of claim 7, wherein the condenser operates at a 
temperature ranging from 25°C to 60°C, 

1 0. The process of claim 6, comprising a step of adding a hydrogen 
co-reagent to promote conversion of acetol to propylene glycol, 

5 11. The process of claim 10, comprising a step of recycling unused 

hydrogen from the condenser back to the reaction mixture. 

12. The process of claim 1 , wherein the reaction time of the heating 
step ranges from 4 to 46 hours. 

13. The process of claim 1 , wherein the reaction time of the heating 
10 step ranges from 4 to 28 hours. 

1 4. A composition for use as an antifreeze, deicing agent, or anti- 
icing agent produced from the crude glycerol byproduct of the Ci to C 4 alkyl 
alcohol alcoholysis of a glyceride comprised of: 

on a water-free basis, from about 0.5% to about 60% glycerol, and 
15 from about 20% to about 85% propylene glycol. 

15. The composition of claim 14 including 

on a water-free basis, from about 10% to about 35% glycerol, from 

about 40% to about 75% propylene glycol, and from about 0.2% 
to about 10% Ci to C 4 alkyl alcohol. 

20 16. The antifreeze composition of claim 14 including from about 1% 

to 1 5% residue by-product from a reaction of glycerol. 

17. A process for producing antifreeze from a crude glycerol byproduct 
of a Ci to C 4 alkyl alcohol alcoholysis of a glyceride, comprising the steps of: 
neutralizing the crude glycerol to achieve a pH between 5 and 12, 
25 separating Ci to C 4 alcohol and water from the crude glycerol such that 

the combined concentrations of water and Ci to C4 alcohols is 
less than about 5(wt)%; and contacting the separated crude 
glycerol with a hydrogenation catalyst and hydrogen at a 
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pressure of between about 1 and 200 bar and at a temperature 
between about 100°C and 290°C for a period of time sufficient to 
achieve a conversion of the glycerol of between 60 and 90%. 

1 8. The process according to claim 1 7, wherein the contacting 
5 pressure ranges from 1 to 20 bar. 

1 9. The process according to claim 1 8 wherein separating the Ci to 
C 4 alcohol and water is achieved by flash separation at a temperature greater 
than about 60°C. 

20. The process according to claim 17 wherein separating the Ci to 
10 C 4 alcohol and water is achieved by thermal diffusion. 

21 . The process according to claim 17, including the further steps 

of: 

neutralizing the glycerol with an adsorbent salt to form a substantially 
insoluble salt and 

15 separating solid salts generated during neutralization from liquids . 

22. The process according to claim 17 wherein said hydrogenation 
catalyst contains at least one metal from the group consisting of palladium, 
nickel, zinc, copper, platinum, rhodium, chromium, and ruthenium. 

23. A process for converting glycerol to acetol with high selectivity, 
20 comprising the steps of: 

combining a glycerol-containing feedstock with less than 50% by 
weight water with a catalyst that is capable of dehydrating 
glycerol to form a reaction mixture; and 

heating the reaction mixture to a temperature ranging from 170° to 
25 270°C over a reaction time interval ranging from 0 to 24 hours at 

a pressure ranging from 0.2 and 25 bar. 
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24. The process of claim 23, wherein the glycerol-containing 
feedstock used in the step of combining contains from 0% to 15% water in 
glycerol by weight. 

25. The process of claim 23, wherein the catalyst used in the step of 
combining is a heterogeneous catalyst selected from the group consisting of 
palladium, nickel, rhodium, copper, zinc, chromium and combinations thereof, i 

26. The process of claim 23, further comprising a step of removing 
reaction product vapors that form during the step of heating. 

27. The process of claim 26, comprising a step of condensing the 
vapors to yield liquid reaction product. 

28. The process of claim 27, wherein the temperature used in the 
heating step ranges from 180°C to 240°C. 

29. The process of claim 28, wherein the pressure used in the 
heating step ranges from 0.5 to 3 atmospheres, 

30. The process of claim 27, wherein the step of condensing occurs 
using a condenser operating at a temperature ranging from 0°C to 140°C 

31 . The process of claim 30, wherein the condenser operates at a 
temperature ranging from 25°C to 60°C, 

32. The process of claim 26, comprising a subsequent step of 
contacting the acetol with a hydrogen co-reagent to promote conversion of 
glycerol to propylene glycol, 

33. The process of claim 32, comprising a step of recycling unused 
hydrogen from the condenser back to the subsequent step reaction mixture. 

34. The process of claim 33, wherein the reaction time of the 
subsequent step reaction ranges from 0.2 to 24 hours. 
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35. The process of claim 34, wherein the reaction time of the 
subsequent step reaction ranges from 1 to 6 hours. 

36. A process for converting a three-carbon or greater sugar or 
polysaccharide to an alcohol product having a boiling point less than 200 C, 

5 comprising the steps of: 

combining a sugar or polysaccharide-containing feedstock with less 
than 50% by weight water with a catalyst that is capable of 
dehydrating glycerol to form a reaction mixture; and 
heating the reaction mixture to a temperature ranging from 170° to 
10 270°C over a reaction time interval ranging from 0.5 to 24 hours 

at a pressure ranging from 0.2 and 25 bar. 

37. The process according to claim 36 where the catalyst contains 
from 5 wt% to 95 wt% chromium. 

38. The process according to claim 37 where the catalyst is 
15 comprised of compositions of copper expressed as CuO and chromium 

expressed as Cr 2 0 3 at 30-80 wt% of CuO and 20-60 wt% of Cr 2 0 3 . 

39. The process according to claim 37 where the catalyst 
compositions are expressed as Cr 2 0 3 at 40-60 wt% of CuO and 40-50 wt% of 

Cr 2 0 3 . 

20 40. The process according to claim 36 where the alcohol product is 

acetol. 

41 . The process according to claim 36 where the alcohol product is 
acrolein. 

42. The process according to claim 36 where the alcohol product is 
25 a propanediol. 

43. The process according to claim 36 where the alcohol product is 
removed as a vapor effluent and the reaction mixture is a liquid. 



43 



WO 2005/095536 



PCTYUS2005/009901 



44. The process according to claim 43 where a gas feed enters the 
reactor and at least part of the gas exits the reactor in the vapor effluent. 

45. The process according to claim 44 where the vapor effluent 
flows to a condenser and at least part of the alcohol product is condensed 
forming an alcohol condensate. 

46. The process according to claim 45 where a vapor condensate 
effluent is in part comprised of the gas feed and the vapor condensate effluent 
is recycled to the reactor. 

47. The process according to claim 45 where the alcohol 
condensate is reacted in a second reactor to form a propanediol product. 

48. In a liquid phase catalytic reaction process, the improvement 
comprising: 

catalytically reacting an organic reagent that is distributed in the liquid 
phase to form a first product that has a boiling point of at least 
20°C lower in temperature than does the reactant; and 

removing the product by distillation and separation of product vapor as 
the reaction proceeds. 

49. The process of claim 48, wherein the improvement further 
comprises condensing the product vapor to form a condensate and 
catalytically reacting the c condensate to form a second product. 

50. The process of claim 48, wherein the step of catalytically 
reacting produces a residue that reduces the effectiveness of a catalyst 
facilitating the reaction, and further comprising hydrogen treatment of the 
catalyst to prolong the catalyst life by reduction of residue while the reaction is 
underway. 

51 . A process for converting acetol to propylene glycol with high 
selectivity, comprising the steps of: 
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combining an acetol-containing feedstock with less than 50% by weight 

water with a catalyst that is capable of hydrogenating acetol to 

form a reaction mixture; and 
heating the reaction mixture to a temperature ranging from 50° to 

250°C over a reaction time interval ranging from 0 to 24 hours at 

a pressure ranging from 1 and 25 bar. 

52. The process of claim 51 , wherein the acetol-containing 
feedstock used in the step of combining contains from 0% to 35% water in 
acetol by weight. 

53. The process of claim 51 , wherein the catalyst used in the step of 
combining is a heterogeneous catalyst selected from the group consisting of 
palladium, nickel, rhodium, copper, zinc, chromium and combinations thereof. 

54. The process of claim 51 , wherein the temperature used in the 
heating step ranges from 150°C to 220°C. 

55. The process of claim 51 , wherein the pressure used in the 
heating step ranges from 1 0 to 20 bar. 
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Dehydration of glycerol was performed in the presence of various metallic catalysts 
including alumina, magnesium, ruthenium, nickel, platinum, palladium, copper, raney 
nickel, and copper-chromite catalysts to obtain acetol in a single-stage reactive distilla- 
tion unit under mild conditions. The effects of operation mode, catalyst selection, glycerol- 
feed flow rate, catalyst loading, and initial water content were studied to arrive at 
optimum conditions. High-ace tol selectivity levels (> 90%) were achieved using copper- 
chromite catalyst, and operating in semi-batch reactive distillation mode. A small amount 
of water content in glycerol feedstock was found to reduce the tendency for residue to 
form, therein extending catalyst life. The acetol from this reaction readily hydrogenates to 
form propylene glycol, providing an alternative route for converting glycerol to propylene 
glycol. © 2006 American Institute of Chemical Engineers AlChE J, 52: 3543-3548, 2006 
Keywords: dehydration, glycerol, acetol, copper-chromite, reactive distillation, residue, 
propylene glycol 



Introduction 

Use of fatty acid methyl esters (FAME) derived from veg- 
etable oils and animal fats as diesel fuel extenders known as 
biodiesel, has received considerable attention in recent 
years. 1 - 2 - 3 - 4 The U.S. production of biodiesel is 120 - 160 
million L, which is expected to grow at a rate of 50 - 80% per 
year, with a projected 1.6 billion L of production by the year 
2012. A major drawback of biodiesel is its high cost when 
compared to diesel — the production costs for biodiesel range 
from $0.17- $0.40 per L. 5 

For every 9 kg of biodiesel produced, about 1 kg of a crude 
glycerol byproduct is formed. Most of the larger biodiesel 
producers refine the glycerol for sale in the commodity glycerol 
market. However, the price of glycerol is already (2005) about 
half the price of past averages in Europe where biodiesel 
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production exceeds 1 .6 billion L per year. Increased biodiesel 
production is expected to further suppress glycerol prices, and 
so, conversion of glycerol to other consumer products is desir- 
able. 

Propylene glycol is a major commodity chemical with an 
annual production of over 450 million kg in the United States, 6 
and sells for $1.56 to over $2.20 per kg with a 4% growth in the 
market size annually. 7 If crude glycerol could be used to 
produce propylene glycol, this technology could increase the 
profitability of biodiesel production plants and, thereby, reduce 
the costs of producing biodiesel. 

The commercial petroleum-based propylene glycol is pro- 
duced by either the chlorohydrin process or the hydroperoxide 
process that hydrates propylene oxide to propylene glycol. 8 - 9 
Conventional processing of glycerol to propylene glycol uses 
metallic catalysts and hydrogen as reported in several United 
States patents. 1 °- IU2J 3 These research efforts report. the suc- 
cessful hydrogenation of glycerol to form propylene glycol. 
However, none of the processes that can suitablely commer- 
cialize the resultant reaction products due to some common 
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Glycerol Acetol Propylene Glycol 

Figure 1. Proposed reaction mechanism for converting 
glycerol to acetol, and then to propylene gly- 
col. 

drawbacks of existing technologies, for example, high-temper- 
atures and high-pressures, low-production efficiency from us- 
ing diluted solutions of glycerol, and low-selectivity toward 
propylene glycerol. 

In earlier work we proposed the novel reaction mechanism 
for converting glycerol to propylene glycol via a reactive 
intermediate as shown in Figure 1 . 14 Relatively pure hydroxy- 
acetone (acetol) is isolated from dehydration of glycerol as the 
transient intermediate indicates that the reaction process for 
producing propylene glycerol with high-selectivity can be done 
in two steps. In the broader sense, this process may potentially 
advance the art and overcome those problems outlined above 
by the novel reaction mechanism to convert glycerol to acetol, 
and then acetol is hydrogenated in a further reaction step to 
produce propylene glycol. 

In the absence of hydrogen, glycerol can be dehydrated to 
acetol via a reactive-distillation technique. Acetol is consider- 
ably more volatile than glycerol. Reaction product vapors (ace- 
tol and water) are simultaneously removed or separated from 
the reaction mixture as they are formed during the step of 
heating. The possibility of degrading acetol by continuing 
exposure to the reaction conditions is commensurately de- 
creased by virtue of this removal. In addition, the acetol is 
inherently removed from the catalysts to provide relatively 
clean acetol. Since removal of products allows the equilibrium 
to be shifted far to the forward direction, and high-acetol yields 
to be achieved under relatively mild operation conditions, this 
reactive-distillation technique is particularly advantageous for 
reactions which are equilibrium limited. 

Several prior works have been published on reactive distil- 



lation by Gaikar and Sharma 15 and Doherty and Buzad. 16 
Reactive-distillation technique is now commercially exploited 
for the manufacture of methyl rm-butyl ether (MTBE), ethyl 
terr-butyl ether (ETBE), and ter/-amylmethyl ether, which are 
used as octane number enhancers. 17 Reactive distillation is also 
used for esterificaiton of acetic acid with alcohols like metha- 
nol and ethanol, and hydrolysis reactions of esters like methyl 
acetate. 

There are only a limited number of publications document- 
ing schemes for converting glycerol to acetol and none of these 
are based on reactive distillation. This study focused on dem- 
onstrating the feasibility of producing acetol by dehydration of 
glycerol using heterogeneous metallic catalysts in a single 
stage reactive distillation unit. Performance of operating in 
batch and semi-batch mode, and effect of various reaction 
parameters were investigated. 

Experimental Section 

Materials 

Glycerol (99.9%) and n-butanol were purchased from Sig- 
ma-AIdrich (Milwaukee, WI). Methanol (HPLC grade) was 
purchased from Fisher Scientific Co. (Fairlawn, NJ). Table 1 
gives the description of various catalysts used in this study and 
their suppliers. All catalysts used in this study were used in the 
condition in which they arrived. 

Experimental Setup 

Batch-reactive distillation 

The experiments on batch reactive distillation were carried 
out in a fully agitated glass reactor of capacity 1.25 X 10" 4 m 3 . 
A magnetic stirrer at an agitation speed of 100 rpm was used to 
create a slurry reaction mixture. A condenser was attached to 
the top of a glass reactor, through which chilled water was 
circulated. The glass reactor was immersed in a constant tem- 
perature oil batch, the temperature of which was maintained 
within ±1 °C of the desired temperature. In the glass reactor, 
the catalyst was first heated to the reaction temperature of 240 
°C, and then the amount of glycerol solution was charged 
immediately to the reactor. Complete addition of the glycerol 



Table 1. Summary of Conversion of Glycerol, Selectivity of Acetol and Residue to Initial Glycerol Ratio from Glycerol over 

Various Metal Catalysts 











Residue: 






Conversion 


Selectivity 


Initial-Glycerol 


Supplier 


Description 


(%) 


(%) 


Ratio (%) 




Mg/Alumina 


0 


0 






Mg/Chromium 


0; 


0 




Johnson Matthey 


5% Ru/C 


89.18 


31.72 


36.54 


Johnson Matthey 


5% Ru/Alumina 


88.24 


33.81 


34.14 


Degussa 


5% Pd/C 


87.12 


4.68 


12.33 


Degussa 


5% Pt/C 


0 


0 




PMC Chemicals 


10% Pd/C 


86.98 


3.32 


10.51 


PMC Chemicals 


20% Pd/C 


85.14 


2.69 


9.87 


Sud-Chemie 


Alumina 


0 


0 . 




Sud-Chemie 


Copper 


85.19 


51.54 


15.03 


Sud-Chemie 


Copper-chromite 


86.62 


80.17 


13.37 


Grace Davision 


Raney Nickel 


82.40 


30.38 


7.99 


Johnson Matthey 


Ni/C 


79.47 


52.97 


6.81 


Alfa-Aesar 


Ni/Silica-Alumina 


89.37 


57.29 


3.33 



All reactions were performed in batch reactive distillation at 240°C and 98 kPa (vac). 
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To aspirator 




Figure 2. Semi-batch reactive distillation experimental 
setup. 



solution was taken as zero time for the reaction. All experi- 
ments were conducted at a reduced pressure of 98 kPa (slight 
vacuum) by using an aspirator. 

Semi-batch-reactive distillation 

The same reactive distillation setup was used as described in 
the section of batch-reactive distillation. Experiments were 
carried out in a continuous mode of operation in the reactive 
distillation setup as shown in Figure 2. Glycerol solution was 
continuously introduced at the bottom of the glass reactor with 
different feed flow rates by a peristaltic pump. All experiments 
were conducted at a reduced pressure of 98 kPa (slight vac- 
uum) by using an aspirator. 

Analytical Methods 

In the batch mode, the completion of reaction was consid- 
ered when additional condensate ceased to collect. In the 
semi-batch mode, a digestion of the mixture was induced by 
stopping the feed and allowing the reaction to proceed for 
about 30 min to an hour at the end of the reaction — during this 
digestion the volume of the reaction mixture decreased, and the 
residue became more apparent. The residues in the glass reac- 
tor were weighed. The liquid samples in the distillate were 
weighed and analyzed with a Hewlett-Packard 6890 (Wilming- 
ton, DE) gas chromatograph equipped with a flame ionization 
detector. Hewlett-Packard Chemstation software was used to 
collect and analyze the data. A Restek Corp (Bellefonte, PA) 
MXT* WAX 70624 GC column (30m X 250 ^m X 0.5 ju,m) 
was used for separation. 

For preparation of the GC samples, a solution of n-butanol 
with a known amount of internal standard was prepared a 
priori and used for analysis. The samples were prepared for 
analysis by adding 100 fih of product sample to 1000 /nL of 
stock solution into a 2mL glass vial. Two microliters of the 
sample was injected into the column. The oven temperature 
program consisted of: start at 45 °C (0 min), ramp at 0.2 °C/min 
to 46 °C (0 min), ramp at 30 °C/min to 220 °C (2.5 min). Using 
the standard calibration curves that were prepared for all the 
components, the integrated areas were converted to weight 
percentages for each component present in the sample. 

For each data point, conversion of glycerol and selectivity of 
acetol were calculated. Conversion of glycerol is defined as the 
ratio of number of moles of glycerol consumed in the reaction 



to the total moles of glycerol initially present. Selectivity is 
defined as the ratio of the number of moles of product forma- 
tion to the moles of glycerol consumed in the reaction, con- 
sidering the stoichiometric coefficient. 

For the semi-batch mode, the terms "conversion" and "se- 
lectivity" defined by the following expressions were used to 
present the performance of reactive distillation. 

Molar flow rate of glycerol reacted 
Conversion = — — ; ; — ^ . , — — - X 100% 



Feed molar flow rate of glycerol 



Molar flow rate of acetol in distillate 



(1) 



Selectivity Molar fl ow rate 0 f glycerol reacted 



X 100% 



(2) 



Results and Discussion 

Catalyst screening and selection 

Reactivities of heterogeneous catalysts, including alumina, 
magnesium, ruthenium, nickel, platinum, palladium, copper, 
raney nickel and copper-chromite were tested in the batch 
mode of reactive distillation at a reaction temperature of 240 
°C, and a reduced pressure of 98 kPa. Table 1 shows the 
performance comparison of these catalysts and their suppliers. 
Conventional dehydration catalysts like alumina were not ef- 
fective for dehydrating glycerol to acetol since these catalysts 
with high-acidic sites favor the dehydration of glycerol to 
acrolein. 18 Ruthenium catalysts showed low-selectivities and 
high-residue to initial glycerol ratios, greater than 30%, due to 
the polymerization (condensation) of hydrocarbon free radicals 
leading to further deactivation of catalyst. Low-selectivities 
and low-residue to initial glycerol ratios were observed in 
nickel and palladium based catalysts, since they tend to be too 
active which results in excess reaction (degradation) of glyc- 
erol to form lower-molecular alcohols and gases. 

On the other hand, copper or copper-based catalysts are 
superior to the other catalysts studied here in both acetol 
selectivity and residue formation. The superiority is enhanced 
by mixing copper with chromite. A high-acetol selectivity of 
86.62% was obtained by using copper-chromite mixed oxide 
catalyst. Copper increases the intrinsic catalyst activity; how- 
ever, copper favors sinterization leading to catalysts with low- 
surface areas. Chromium acts as a stabilizer to preventing 
sintering (reduce the sintering rate), and, thus, maintains cata- 
lysts in high activity. 19 Copper-chromite catalyst was selected 
for further studies. 

Batch vs semi-batch processing 

Glycerol was reacted in the presence of copper-chromite 
catalyst to form acetol in each of batch and semi-batch process 
modes. Relatively pure acetol was isolated from glycerol in the 
absence of hydrogen at a reaction temperature of 240 °C and a 
reduced pressure of 98 kPa. The theoretical maximum 100% 
yield of glycerol dehydration would be achieved if 50 g of 
glycerol would form a maximum of 40.2 g of acetol. 

In batch mode, glycerol and catalyst were loaded into the 
reactor at the start of the reaction. In semi-batch mode, the 
reactor was changed with catalyst and glycerol was continu- 
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Table 2. Comparison of Batch Reactive-Distillation and 
Semibatch (Continuous) Reactive-Distillation on Formation 
of Acetol from Glycerol 

Mass Balance Details on Batch Reactive Distillation Using 5% 
Copper-Chromite Catalyst Loading. Initial Loading of Glycerol, 
42.48; Glycerol in Distillate, 3.64; Residue, 5.68; and Amount of 
Glycerol Reacted, 38.84 All in Grams. The Glycerol Reacted as 
Described Below. 





Reacted 


Best 






Glycerol (g) 


Possible (g) 


Distillate (g) 


Glycerol 


38.84 


0 


3.64 


Acetol 


0 


31.24 


23.73 


Propylene glycol 


0 


0 


1.67 


Water 


0 


7.6 


6.99 


Mass Balance Details on Semibatch Reactive-Distillation Using 5% 


Copper-Chromite Catalyst Loading. Initial Loading of Glycerol, 


54.29; Glycerol in Distillate, 4.91; Residue, 3.80; and Amount of 


Glycerol Reacted, 49.38 All in Grams. The Glycerol Reacted as 




Described Below. 






Reacted 


Best 






Glycerol (g) 


Possible (g) 


Distillate (g) 


Glycerol 


. 49.38 


0 


4.91 


Acetol 


0 


39.71 


35.99 


Propylene glycol 


0 


0 


1.65 


Water 


0 


9.66 


5,79 



Mass Balance Details on Semibatch Reactive-Distillation Using 

2.5% Copper-Chromite Catalyst Loading. Initial Loading of 
Glycerol, 52.8; Glycerol in Distillate, 3.85; Residue, 4.91; and 
Amount of Glycerol Reacted, 48.95 All in Grams. The Glycerol 
Reacted as Described Below. 



Reacted Best 
Glycerol (g) Possible (g) Distillate (g) 



Glycerol 48.95 0 3.85 

Acetol 0 39.37 33.51 

Propylene glycol 0 0 1.63 

Water 0 9.58 6.24 



All reactions were performed at 240°C and 98 kPa (vac). Glycerol feed rate was 
33.33 g/h for semibatch reaction. 

ously fed into the reactor at a uniform rate of 33.33 g/h over a 
period of about 1.25 h. It was observed that propylene glycol 
was produced even in the absence of hydrogen. Since the only 
source of hydrogen for reacting with acetol or glycerol to form 
propylene glycol was from another acetol or glycerol molecule, 
it was hypothesized that the absence of free hydrogen in the 
system led to scavenging of hydrogen from the glycerol, and 
that this scavenging led to undesired byproducts and loss in 
selectivity. Either process mode produced a residue which was 
a dark solid coated on the catalyst that was not soluble in water. 
Table 2 shows the semi-batch reactive-distillation exhibits 
higher yield and selectivity, and lower-residue formation than 
batch due to the semi-batch operation has a higher-catalyst 
loading to glycerol ratio in the reaction. 

Effect of glycerol feed flow rate 

Reactions were performed to study the effect of glycerol 
feed flow rate on semi-batch operation-mode with 2.5% cop- 
per-chromite catalyst loading. It can be seen in Table 3 that 
increasing the flow rate decreases acetol selectivity and in- 
creases the residue to initial-glycerol ratio. As the amount of 
catalyst is fixed, an increase of the glycerol feed flow rate 
results in an accumulation of fed glycerol in the reaction 
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Table 3. Effect of Glycerol Feed Flow Rate on Conversion 
of Glycerol to Acetol in Semibatch Reactive-Distillation 



Glycerol Feed 






Residue: 


Flow Rate 






Initial-Glycerol 


(g/h) 


Conversion (%) 


Selectivity (%) 


Ratio (%) 


100 


88.94 


60.92 


20.45 


50 


91.49 


65.21 


19.81 


33.33 


92.71 


85.11 


9.30 


18.75 


91.58 


87.32 


8.73 


14.29 


90.15 


87.49 


7.59 



All reactions were performed in semibatch reactive-distillation at 240°C and 98 
kPa (vac). 



mixture, hence, reduces the catalyst loading to glycerol ratio 
during the reaction. This decrease in the catalyst loading to 
glycerol ratio results in lower-acetol selectivity and higher- 
residue formation, reinforcing the afore-conclusion in the sec- 
tion of comparison of batch and semi-batch operation modes. It 
was also observed that decreasing the flow rate from 33.33 g/h 
decreases the conversion of glycerol because the glycerol could 
be easily vaporized and appear in the distillate as an uncon- 
verted glycerol. 

Effect of catalyst loading 

! For copper-chromite catalyst, it was generally observed that 
as reaction proceeded, the reaction rate tended to decrease and 
the amount of residue increased. During the digestion time 
induced at the end of semi-batch reaction, the volume of the 
reaction mixture decreased, and the residue became more ap- 
parent. It indicates that the activity of copper-chromite catalyst 
is lost before the reaction goes to completion. 

In order to find the minimum catalyst loading required to 
achieve necessary conversion, lowering catalyst loadings from 
5% to 0.83% was evaluated to determine the impact of catalyst 
loading on conversion of glycerol to acetol and residue forma- 
tion. Reactions were carried out by reacting various amounts of 
glycerol: 25g (5%), 50g (2.5%), 75g (1.67%), lOOg (1.25%), 
150g (0.83%) to 1.25g of copper-chromite catalyst in semi- 
batch reactive-distillation mode. Table 4 summarizes the con- 
version results. These data illustrate that the formation of 
residue increased with increasing throughput of glycerol over 
the catalyst. Also, the acetol selectivity decreased with increas- 
ing throughput of glycerol over a fixed catalyst loading in the 
reactor due to residue increasing with reaction time leading to 
further deactivation of catalyst. 



Table 4. Effect of Catalyst to Glycerol Throughput Ratio on 

Conversion of Glycerol to Acetol in Semibatch 
i Reactive-Distillation 



1 Wt. % 






Residue: 


; of 






Initial-Glycerol 


; Catalyst 


Conversion (%) 


Selectivity (%) 


Ratio (%) 


1 5 


90.96 


90.62 


7.00 


i 2.50 


92.71 


85.11 


9.30 


1.67 


90.44 


76.94 


9.76 


1.25 


89.23 


73.50 


11.07 


0.83 


86.87 


59.76 


11.32 



All reactions were performed in semibatch reactive-distillation with glycerol 
feed rate of 33.33 g/h at 240°C and 98 kPa (vac). 
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Effect of initial water content 

Reactions were performed to study the effect of initial water 
content on the overall reaction. Glycerol was reacted in the 
presence of 2.5% copper-chromite catalyst to form acetol in a 
semi -batch reactive-distillation method. Water was added to 
the glycerol to evaluate if water would decrease the accumu- 
lation of the water-insoluble residue. Table 5 summarizes the 
conversion results. As the initial water in the reaction increases, 
the residue to initial glycerol ratio decreased. The initial water 
content reduces the residue formation by stripping of the acetol 
along with water vapors from the reaction mixture before it can 
degrade/polymerize to form residue — water boils and provides 
the near- ideal diffusion of acetol in the reaction. 

In addition, those reactions with initial water content have 
higher-acetol selectivities compared with the reaction without 
initial water. For glycerol solutions with water concentration 
>5%, a decrease in the glycerol conversion was observed due 
to the entrained glycerol presented in distillate. It demonstrates 
that high yields of acetol can be achieved and formation of 
residue can be controlled by using a small amount of water in 
glycerol. 

Catalyst stability — ability to reuse catalyst 

The residue was taken as a solid form at room-temperature, 
and a slurry form at the reaction temperature during the long 
period of reaction time. The solid was soft and tacky in nature 
and readily dissolved in methanol to form slurry. Reactions 
were carried out to find the stability of the copper-chromite 
catalyst. After each run the catalyst was washed with methanol 
until the wash was clear, and then the catalyst was dried in a 
furnace at 80 °C to remove the methanol for the subsequent 
runs. The physical appearance of this catalyst after washing 
was similar to that of the new catalyst. The data of Figure 3 
demonstrate the copper-chromite catalyst can be used repeat- 
edly. The conversion of glycerol and the selectivity of acetol 
were slightly decreased over repeated usage. 

Methanol wash is effective to remove the residue, allowing 
the catalyst to be reused multiple times. However, it was 
observed that residue started foaming on the catalyst at 30 min 
after total glycerol was fed (during the digestion time). Once 
the reaction mixture started foaming, a methanol wash was not 
effective for removing the residue from the catalyst. If the 
reaction was stopped prior to commencement of foaming, the 
methanol was effective for removing the residue from the 
catalyst. When catalyst loading less than 2.5%, the reaction 
mixture started foaming while the glycerol was still being fed 
into the reactor, hence, the catalyst could not be recovered at 
end of the reaction. 



Table 5. Effect of Initial Water Content in the Glycerol 
Feedstock on Residue Formation 









Residue: 








Initial-Glycerol 


Water (Wt. %) 


Conversion (%) 


Selectivity (%) 


Ratio (%) 


0% 


92.71 


85.11 


9.30 


5% 


90.74 


90.65 


7.02 


10% 


84.80 


89.87 


6.13 


20% 


82.58 


89.84 


5.31 



All reactions were performed in semibatch reactive-distillation with glycerol 
feed rate of 33.33 g/h at 240°C and 98 kPa (vac). 
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Figure 3. Copper-chromite catalyst reuse for conver- 
sion of glycerol to acetol. All reactions were 
performed using 5% copper-chromite catalyst 
loading in semi-batch reactive distillation with 
glycerol feed rate of 33.33 g/h at 240 °C and 98 
kPa (vac). 



Conclusions 

i Acetol was successfully isolated from dehydration of glyc- 
erol as the transient intermediate for producing propylene glyc- 
erol. This catalytic process provided an alternative route for the 
production of propylene glycol from renewable resources. In 
this study, selective dehydration of glycerol to acetol has been 
demonstrated using copper-chromite catalyst under mild con- 
ditions. Reactive distillation technology was employed to shift 
the equilibrium toward the right and achieve high-yields. High- 
acetol selectivity levels (>90%) have been achieved using 
copper-chromite catalyst in semi-batch reactive-distillation. 
This reactive distillation technology provides for higher yields 
than is otherwise possible for producing acetol from glycerol 
feedstock. In parametric studies, the optimum conditions were 
delineated to attain maximum acetol selectivity, as well as 
high-levels of glycerol conversion. 
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